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Abstract
Zirconia toughened alumina (ZTA) nanopowder was synthesized by solution combustion technique. Polymer nano-
composites were prepared using ZTA nanopowder as the reinforcement and polyvinyl alcohol (PVA) as the matrix. ZTA 
nanopowder composition was varied from 0 to 2.5% by weight. Structural characterization was done using scanning 
electron microscope (SEM) and X-ray diffraction (XRD). XRD results showed prominent, well defined peaks of zirconia 
and α-alumina, hence confirmed that ZTA is a crystalline material. SEM images showed that, level of agglomeration kept 
increasing due to increase in filler content, which might have contributed to film stiffness. Thermal analysis was carried 
out using differential scanning calorimetry. Addition of ZTA into PVA matrix resulted in increase in melting point as well 
as glass transition temperature. Influence of the nanofiller concentration on the electrical conductivity was found using 
Agilent 4249A impedance analyser. Conductivity measurements were carried out for all the nanocomposite films doped 
with ZTA and were found to exhibit insulating properties. Change in mechanical properties such as Young’s modulus, 
tensile strength and film toughness of PVA films as a function of nano filler content are reported.
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1  Introduction

Alumina is a popular ceramic known for its structural and 
technological applications. Structural properties of alu-
mina are governed by its matrix stability and microstruc-
ture [1, 2]. Ceramic materials are generally compounds that 
exhibit electrical insulating properties and chemically inert 
towards acids, alkalis, organic and inorganic compounds 
[3, 4]. Alumina in particular shows good mechanical and 
wear resistance, gas tight, high compressive strength 
under extreme temperatures, corrosive atmospheres and 
excellent biocompatibility [5, 6]. Zirconia is a trending 
ceramic material in the manufacture of thin films. It has 
gained attention due to its different attractive properties 
such as chemical inertness to oxidative atmospheres, very 
low electrical conductivity, thermal shock resistance and 

biocompatibility. Excellent mechanical properties were 
observed such as Young’s modulus similar to that of stain-
less steel, hardness, wear resistance, mechanical strength 
and frictional resistance even at elevated temperatures. 
Thus, zirconia is a suitable candidate for various applica-
tions such as thermal barrier coatings, refractories, pig-
ments, buffer layers for superconductors, piezoelectric 
devices, ceramic condensers, fuel cells, electrode and oxy-
gen sensors, orthopaedic implants and most importantly 
catalysts [7–9].

Alumina ceramic is a brittle material exhibiting mod-
erate fracture toughness and limited flexural strength 
as compared to zirconia. In this regard, alumina ceram-
ics may pose a potential catastrophic failure of products 
in stress induced environments [10, 11]. Incorporation of 
tetragonal zirconia as a second phase into alumina is of 
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our particular interest and it is called as Zirconia Tough-
ened Alumina (ZTA). ZTA nullifies many disadvantages 
incurred by alumina and incorporates the benefits of both 
alumina and zirconia ceramics. Hence, it can be catego-
rised as advanced ceramic material with special properties 
such as, high hardness and low brittleness, high fracture 
toughness, high strength and high ageing resistance. 
These properties make ZTA material of choice to work 
under high stress induced environments such as extreme 
mechanical abrasion and thermal shock [10, 12].

Many researchers have reported different methods 
of fabrication of nano ZTA. Tulliani et al. [13] synthesized 
alumina–zirconia ceramic foams by gel-casting-fugitive 
phase process using agar as gelling agent and polyeth-
ylene as pore formers. These polymer composites exhib-
ited porosity as high as 75 vol%. Mechanical characteriza-
tion of these samples showed that, compressive strength 
decreased with decrease in relative density and increased 
with increase in porosity. Nagashima et al. [14] fabricated 
Al2O3-5%ZrO2 by high energy ball milling process using 
Al2O3 powder and Zr alkoxide as precursors. Micro and 
nano composite powders were synthesized by this tech-
nique and the effect of different sintering temperatures 
on the microstructure were investigated. They found that, 
during the production of intra-granular particles, ZrO2 
particles played a major role in growing alumina grains 
during the sintering process. Xin et al. [15] synthesized 
micro-nano ZTA composite by multiphase flocculating 
suspension method. The micro-nano ZTA composed of 
micro-alumina and nano zirconia particles. Two interest-
ing phenomena of the composite were observed. Firstly, 
low zirconia content in the composite (10 vol%) showed 
trans-granular fracture due to fine zirconia nanoparticles 
embedded inside alumina grains. High zirconia content 
(20 vol%) in the composite exhibited better toughness 
and better resistance towards crack propagation. Sarkar 
et al. [16] fabricated nano ZTA by sol gel method using 
Al(NO3)3·9H2O and ZrOCl2·8H2O as precursors. The results 
revealed that, incorporation of t-ZrO2 in alumina matrix 
resulted increase in hardness and toughness values. This 
motivated us to use ZTA as a nano filler in our research 
work.

Polyvinyl alcohol (PVA) is a most preferred material of 
choice as a host matrix by various researchers [17–22] for 
the synthesis of polymer nanocomposites due its water 
soluble, non-toxic, ease of fabrication, transparent film 
forming ability, biodegradability, chemical stability and 
interesting mechanical properties. PVA is a semi-crystal-
line polymer with high optical clarity [20]. The hydroxyl 
bond present in PVA is found to exhibit good interaction 
between the matrix and the nanoparticles due its high 
aspect ratio [20]. It is found to exhibit high dielectric per-
mittivity with very good insulating properties hence, it is 

extensively used in electronic devices [22]. It is also used in 
textile and food industries. Hence it is used as a host matrix 
in our research work.

Some researchers have reported work on incorporat-
ing alumina into PVA matrix. Suzuki et al. [23] have syn-
thesized alumina particles (< 500 nm) by sol gel method 
and investigated its influence on PVA films. They found 
that there was a slight increase in the tensile strength, 
and a profound increase in Young’s modulus values of the 
PVA-alumina films as compared to plain PVA films. How-
ever, the increase in alumina content had a detrimental 
effect on the film toughness and drastic decrease in the 
tensile strain values. This might have been due to the size 
of crystallite dispersed in the PVA matrix [23]. Panda et al. 
[24] synthesized alumina nano fibres by electrospinning 
technique using aluminium nitrate as a precursor. Differ-
ent concentrations of alumina nanopowder was reinforced 
in PVA solution and its effect on sintering temperatures 
were studied. The morphological details were studied 
using SEM and XRD was used to find the diameter of the 
crystallites.

Most of the research so far has been focusing upon 
fabrication of ZTA nanoparticles by various methods and 
used for a wide range of applications. So far no work has 
been reported on ZTA and PVA based polymer nanocom-
posite films which makes the current work interesting. The 
present work aims at synthesis of ZTA by solution com-
bustion method [12], and to study the on effect of filler 
concentration on PVA films for applications in areas which 
demand insulation properties with high tensile strength 
and Young’s modulus. The samples were characterized for 
structural properties using scanning electron microscope 
(SEM) and X-ray diffractometer (XRD). Energy dispersive 
X-ray (EDX) analysis was used to analyse the chemical 
composition. Thermal characterization was done using 
differential scanning calorimetry (DSC). Electrical conduc-
tivity measurements for all the nanocomposite films were 
carried out using Agilent 4249A impedance analyser. All 
the measurements related to mechanical properties such 
as Young’s modulus, ultimate tensile strength and film 
toughness were made using Universal Testing Machine 
(UTM). The performance of PVA–ZTA films for the above 
mentioned testing parameters are analysed and reported.

2 � Experimental

2.1 � Reagents and materials

Zirconyl nitrate (99.5% purity) was procured from M/S 
Loba Chemie laboratory reagents and fine chemicals hav-
ing a molecular weight of 231.23 g/mol. Aluminium nitrate 
nonahydrate crystals (98.5% purity), having a molecular 
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weight of 375.13 g/mol was procured from M/S Merck spe-
cialities private limited. Urea having a molecular weight 
of 60.06 g/mol was obtained from S D Fine-Chem limited. 
PVA powder having a molecular weight of 14,000 g/mol 
was procured from M/s. Thomas Baker chemicals. Urea was 
used as a fuel for the solution combustion reaction to take 
place. Double distilled water was used for the preparation 
of reaction mixtures and casting of thin films using PVA.

Solution combustion technique was used for the syn-
thesis of ZTA nano powders since, it is a relatively inex-
pensive and most beneficial method to synthesize nano-
materials in its purest forms at low temperatures. Zirconyl 
nitrate and aluminium nitrate were used as metal oxidiz-
ers and urea was used as a fuel to propagate the reaction. 
Stoichiometric quantities of the reaction mixture [12] 
were taken i.e., 16.6 g of aluminium nitrate, 3.25 g of zir-
conyl nitrate and 17.8 g of urea were dissolved in 30 ml of 
double distilled water. The reaction mixture was kept in a 
preheated muffle furnace and heated to 400 °C for 45 min 
[12]. Self-ignition of the reaction mixture resulted in the 
formation of a soft, porous, pure white ZTA nano powder, 
which had a foamy appearance. The nanopowder was later 
crushed softly and sintered in the muffle furnace. The cal-
cination temperature and duration were 600 °C and1 h 
respectively. The overall reaction can be represented as 
shown in Eq. (1) [12]:

As indicated by the above reaction, large volumes of 
gases such as nitrogen, carbon dioxide and water vapour 
were released as the reaction commenced. It can be con-
cluded that, to obtain one mole of ZTA, 8 mol of alumin-
ium nitrate, one mole of zirconyl nitrate and 24 mol of urea 
was required along with 0.5 mol of excess oxygen.

2.2 � Fabrication of polymer nanocomposites

Thin films were cast using solution intercalation technique 
using PVA. The technique involved preparing PVA solution 
of 7.4 wt% by dissolving PVA powder (37.9 g) in double dis-
tilled water (500 ml) by constantly heating at 65–70 °C for 
6 h using a temperature controlled heater and a magnetic 
stirrer. At the end of 6 h, clear PVA solution was obtained, 
which was cooled to room temperature. The solution was 
further ultra-sonicated for 45 min at 200 W and later trans-
ferred on to a glass substrate to cast thin films. The casted 
thin films were left undisturbed for 3 days in a clean, dust 
free environment, care was taken to avoid bubble forma-
tion in the films. Once the pure PVA thin film was obtained, 
polymer nanocomposite films were cast with different 
concentrations i.e., 0.5%, 1%, 1.5%, 2% and 2.5% of ZTA 
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)

3
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)
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+ 24CH4N2O + 0.5O2

⟶

(

4Al2O3

)

− ZrO2 + 24CO2 + 47H2O + 38N2

in PVA. Further increase in ZTA concentration in PVA led 
to agglomerated molecules in PVA due to non-uniform 
distribution of the filler in the matrix. Hence, results up to 
2.5 wt% concentration of ZTA in PVA are reported. Thick-
ness measurements for all the polymer composite films 
were done using digital Vernier callipers. The film thickness 
ranged between 0.18 and 0.2 mm.

2.3 � Measurements

It is essential to carry out preliminary characterization of 
samples to analyse their morphological details, micro-
structure, chemical composition, phase transformations 
and thermal behaviour. Hence, certain characterization 
tools such as SEM with EDX, XRD and DSC were used to 
analyse the polymer nanocomposite films. SEM analysis 
was done using Carl Zeiss Ultra 55 model at an operating 
voltage of 5 kV. EDX was carried out using ZEISS EDS detec-
tor. XRD analysis was carried out using Rigaku SmartLab 
powder/thin film X-ray diffractometer. Cu-kα (40kv, 30 mA) 
was the filter/X-ray source. Scan speed/duration time was 
found to be 6.0°/min and the scan range was from 5 to 80°. 
Dielectric measurements of thin films were made using 
Cascade Microtech PM5 Key Sight B1500A semiconductor 
analyser along with high frequency impedance analyser 
(Agilent 4294A) was used for electrical characterization of 
polymer composite films and the frequency ranged from 
1 kHz to 5 GHz. Thermal analysis was carried out using 
Universal DSC Q200 V24.11 Build 124 Instrument with 
a temperature ranging from 30 to 300 °C. Heating and 
cooling rates were maintained at 10 °C.min−1. Mechanical 
properties were studied using Universal Testing Machine 
(UTM). All the tensile tests were performed as per ASTM 
D638 standard procedure. Load cell was set at 0.2 KN. Film 
thickness ranged from 0.18 to 0.2 mm. Film width ranged 
from 13.5 to 14 mm. The error range of UTM was found 
to be ± 0.2 MPa. Film thickness and width measurements 
were made using digital Vernier Calipers.

3 � Results and discussion

3.1 � XRD

XRD analysis showed that zirconia existed in tetragonal 
phase whereas, α-alumina existed in hexagonal phase. 
Sharp peak at 30.18° was observed along with many sym-
metrical and distinctive peaks, which indicated that the 
ZTA nanopowder is a crystalline material. Al2O3 diffrac-
tion peaks were observed at 2θ values of 25.57°, 28.24°, 
37.65°, 43.33°, 52.55°, 57.47°, 66.66° and 74.53° which are 
associated with (0 1 2), (1 0 1), (1 1 0), (1 1 3), (0 2 4), (1 1 
6), (2 1 4) and (2 2 0) planes respectively. ZrO2 diffraction 
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peaks were observed at 2θ values of 30.18°, 34.48°, 35.21°, 
50.15°, 50.70°, 59.15°, 60.12° and 62.72° which are associ-
ated with (0 1 1), (0 0 2), (1 0 4), (1 1 2), (2 0 0), (1 0 3), (2 1 
1) and (2 0 2) planes respectively as shown in Fig. 1a. The 
peak splitting at 50.15° and 50.70° confirmed that zirconia 
is existing in tetragonal phase [25]. Similar peaks positions 
were observed by different authors who synthesized ZTA 
by various routes [25, 26]. The peak positions were in good 
agreement with JCPDS file number: 98-006-6787 for t-zir-
conia and JCPDS file number: 98-008-5137 for α-alumina. 
Debye–Scherrer formula was used to calculate the size of 
the crystal [16] as shown in Eq. (2) below.

where λ is the wavelength of the x-ray source used 
(0.15418 nm for Cu k-alpha), β is the full width at half 
maximum and θ is the angle of diffraction. The smallest 
crystal size was found to be 9.17 nm and largest crystal 
was 112.89 nm. Total average particle size was found to 
be 39.6772 nm.

Figure 1b shows the XRD data of pure PVA and PVA 
films doped with varying concentrations of ZTA from 0.5 
to 2.5% by weight. One common, yet significant peak was 
observed among all the samples at 2θ = 19.4°, this diffrac-
tion peak indicated the presence of PVA associated with 
(1 0 1) plane [7, 22]. The crystal lattice orientation of PVA 
indicates that it is a semi-crystalline polymer. The semi-
crystalline nature may be attributed due to strong interac-
tion among the polymer groups present in PVA [19]. The 
peak at 2θ = 19.4° remained prominent in all the polymer 
composite films. When ZTA was doped into PVA, additional 
sharp peaks kept on increasing. Similar peak positions of 
zirconia and alumina were present in the polymer nano 
composite film. The increase in the filler content contrib-
uted to prominent peaks of zirconia and alumina in the 
polymer nano composite films. This could be due to tran-
sition of the polymer from semi-crystalline to crystalline 
compound with increase in doping concentration of ZTA 
in PVA matrix.

3.2 � SEM and EDX

Surface morphological features of the synthesized ZTA 
nanopowder, pure PVA films and PVA films doped with 
varying concentrations of ZTA were found using SEM. SEM 
image of ZTA nanopowder is as shown in Fig. 2. Each parti-
cle appears to be spherical in shape and uniformly distrib-
uted. The smallest particle appears to be 38.47 nm and the 
agglomerated particles appear to be around 577.6 nm in 
size. Since there is high surface energy existing between 
particles, this contributes to particle agglomeration and 
hence resulting in particles of different sizes within the 

(2)t = 0.9λ∕β cos θ

same nanopowder [21]. Figure 3a shows image of pure 
PVA with uniform distribution of PVA molecules whereas, 
the varying concentrations of ZTA in PVA is shown in 
Fig. 3b, c, d, e and f. The level of agglomeration of ZTA 
nano particles keep on increasing with increase in con-
centration in PVA films. Since there is a density difference 
between PVA and ZTA nano particles, the agglomeration 
is more prominent at the corner of these films. One such 

(a)

(b)

10 20 30 40 50 60 70 80

0

500

1000

1500

2000

2500

3000

3500

(2
02

)
(2

11
)

(1
03

)(2
00

)
(1

12
)

(1
04

)
(0

02
)

(0
11

)

(2
20

)

(2
14

)

(0
24

)

(1
13

)

(1
16

)

In
te

ns
ity

(a
.u

.)

2� (degrees)

ZTA nanopowder
- ZrO2

- Al2O3

(1
01

)
(0

12
)

(1
10

)

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85

0
16000
32000
48000

0
11000
22000
33000

0
11000
22000
33000

0
9700

19400
29100

0
10000
20000
30000

0
8400

16800
25200

Pure PVA

In
te
ns

ity
(a
.u
)

2� (degrees)

PVA + 0.5 wt% ZTA

PVA + 1 wt% ZTA

PVA + 1.5 wt% ZTA

PVA + 2 wt% ZTA

PVA + 2.5 wt% ZTA

Fig. 1   a XRD pattern of ZTA nano powder. b XRD pattern of pure 
PVA film and ZTA nano powder doped PVA thin films



Vol.:(0123456789)

SN Applied Sciences (2020) 2:422 | https://doi.org/10.1007/s42452-020-2232-3	 Research Article

agglomerated cluster is magnified and depicted for PVA 
with 2.5 wt% ZTA concentration (Fig. 3f ). ZTA particle size 
ranged from 50 to 600 nm in the polymer nanocompos-
ite films. This value closely matched the results obtained 
from XRD data obtained using Debye–Scherrer formula. 
The agglomerated cluster size ranged from 500 nm to 
13.96 µm in the polymer nanocomposite films. As the ZTA 
concentration increased from 0.5 to 2.5% by weight in PVA 
films, the level of saturation also increases contributing 
to minimization of inter-particle distance between ZTA 
molecules. The chemical composition of the synthesized 
ZTA nanopowder was identified using EDX. The results are 
shown in Fig. 4. The elemental composition with respect 
to atomic % and weight % for ZTA nanopowder were also 
found using EDX. The weight % of oxygen, aluminium and 
zirconium in ZTA nanopowder were found to be 47.73, 
32.44 and 19.83 respectively. The atomic  % of oxygen, alu-
minium and zirconium in ZTA nanopowder were found to 
be 67.75, 27.31 and 4.94 respectively.

3.3 � DSC

Polymer nanocomposite thin films were analysed for their 
thermal properties using DSC. Thermal data such as glass 
transition temperature (Tg), melting temperature (Tm) 
and heat of fusion (ΔH) were found out and the effect of 
nanofiller content on PVA thin films were analysed. DSC 
analysis was performed on a heat-cool-heat cycle. The 
heating curves and cooling curves are as shown in Fig. 5a 

and b respectively. A detailed outline of the DSC data cor-
responding to these curves is as shown in Table 1. Once 
the sample was heated, different peaks were obtained due 
to the thermal decomposition of the sample.

The polymer nano composite films were analysed from 
30 to 250 °C. Heating rate was carried out at 10 °C/min. 
It is evident from Table 1. that, addition of ZTA into PVA 
matrix has led to a slight increase in Tg and Tm values. This 
phenomenon has probably occurred due to the strength-
ening of the polymer chains and enhanced intermolecular 
interaction between PVA and ZTA molecules. The increase 
in nanofiller content has led to slight decrease in the per-
centage crystallinity (%Xc) in the polymer nanocomposite 
films, which in turn has contributed to a slight increase in 
the crystallization temperature. Highest percentage crys-
tallinity among the polymer nanocomposite films was 
observed for 1.5 wt% ZTA in PVA matrix with 29.55% crys-
tallinity. Since PVA is a semi-crystalline polymer and ZTA 
is a crystalline ceramic, the polymer nanocomposite films 
tend to exhibit the properties of a crystalline polymer and 
hence affecting the crystallinity of the composite itself.

3.4 � AC conductivity

Polymer nanocomposite films subjected to an applied 
electric field, which  induces alternating conductivity 
within a sample due to the motion of charge carries. AC 
conductivity is measured using the Eq. (3) [21]:

where G is the measured conductance [S], t is the film 
thickness [m], and A is the effective cross-sectional area 
of the sample [m2].

Figure 6 shows the dependence of AC conductivity on 
frequency. It is observed that at low frequencies up to 
500 kHz, the conductivity of pure PVA films as well as PVA 
doped with ZTA nanocomposite films remained the same. 
The rise in conductivity at low frequencies was found to be 
negligible. Increase in frequency showed two interesting 
phenomenon occurring in the polymer nanocomposite 
films. Firstly, pure PVA film showed an exponential increase 
in AC conductivity when the frequency increased beyond 
0.5 MHz. Secondly, PVA doped with ZTA nanocomposite 
films showed negligible changes with increase in fre-
quency. Even at frequencies as high as 5 GHz, PVA doped 
with ZTA nanocomposite films exhibited conductivity 
value as low as 7.53 × 10−8S/m. These results are true indi-
cation that PVA doped with ZTA nanocomposite films are 
best suited for electrical insulation applications.

(3)σac = (G ⋅ t)∕A

Fig. 2   SEM image of ZTA nano powder (40,200X)
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Fig. 3   SEM images of PVA loaded with ZTA nanoparticles at a 0 wt%, b 0.5 wt%, c 1 wt%, d 1.5 wt%, e 2 wt% and f 2.5 wt%
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Fig. 4   Energy dispersive spectroscopy (EDS) of ZTA nanopowder
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Table 1   Thermal data of PVA–
ZTA nanocomposites

Composition (wt%) Tg (°C) Tm (°C) ΔHm (J/g) ΔHc (J/g) Tc (°C) %Xc

PVA ZTA

100 0.0 95.35 220.68 76.7 48.77 186.5 36.41
99.5 0.5 92 221.85 80.39 62.27 196.25 22.54
99 1.0 103.2 222.37 90.26 65.22 196.22 27.74
98.5 1.5 93.75 223.47 63.01 44.4 197.67 29.55
98 2.0 98.6 223.56 63.16 49.7 197.51 21.31
97.5 2.5 104.71 222.77 81.38 65.35 193.92 19.67
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3.5 � Effect of ZTA nanoparticle concentration 
on mechanical properties of PVA films

3.5.1 � Effect of filler loading on stress–strain relationship 
of PVA films

Figure 7 depicts the relationship between stress and 
strain of pure PVA and PVA films doped with ZTA. It is 
clearly evident that, pure PVA film exhibits the highest 
elongation and highest energy at break-even point. 
Increase in ZTA content has gradually led to increase 
in tensile strength and the highest tensile strength is 
exhibited by PVA film doped with 2 wt% ZTA, further 
increase in ZTA concentration has further led to decrease 
in tensile strength and elongation at the break-even 

points. The enhanced mechanical properties may have 
been contributed due to very good interaction between 
PVA and ZTA molecules. The decrease in tensile strength 
value and elongation at break-even points may have 
probably occurred due to the saturation level of ZTA 
molecules in PVA matrix. Increase in ZTA loading in PVA 
has contributed to decrease in tensile strain. This might 
have occurred due to increase in the hardness in the pol-
ymer nanocomposite material. Chuankrerkkul et al. [27] 
have reported that, when ZTA nanopowder is reinforced 
into a polymer matrix, it enhances the hardness signifi-
cantly in the parent material. In our case, the increase in 
hardness has further led to increase in the brittle nature 
and stiffness of the polymer nanocomposite. Figure 8 
shows the image of the tested samples with varying 
concentrations of ZTA nanoparticles in PVA. The effect 
of ZTA content on various mechanical properties of films 
are summarized in Table 2.  

3.5.2 � Effect of filler loading on Young’s modulus

Young’s modulus of the all the polymer nanocomposite 
films are as shown in Fig. 9. Young’s modulus was found to 
increase with increase in ZTA content in PVA matrix. Pro-
found increase of 51.58% was observed just with 0.5 wt% 
addition of ZTA in the film, as the ZTA content kept on 
increasing, the value of Young’s modulus also kept on 
increasing steeply. Highest increase of 304% in Young’s 
modulus was observed at 2 wt% addition of ZTA into PVA 
matrix. This exponential rise may have been contributed 
due to the intermolecular interaction between the ZTA 
molecules and PVA matrix. The strong adhesion between 
ZTA molecules and PVA may have resulted in the strong 
load bearing capacity of the films thereby increasing the 
Young’s modulus. At 2.5 wt% loading of ZTA into PVA slight 
decrease in Young’s modulus was observed, this may be 
due to the saturation level reached by the ZTA molecules 
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Fig. 8   Image of tested samples of PVA loaded with ZTA nano-
particles at a 0 wt%, b 0.5 wt%, c 1 wt%, d 1.5 wt%, e 2 wt% and f 
2.5 wt%
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in PVA. Juhasz et al. [28] studied the effect of filler con-
tent and particle size on the mechanical properties of the 
polymer composites. They found that, at low filler con-
centration in the composite, Young’s modulus values also 
increased, as smaller particles provide greater surface area 
for interaction with the polymer resulting in an effective 
reinforcement, thereby enhancing the properties of the 
composite. Whereas, at higher filler loading, the particles 
tend to form agglomerates. These agglomerates tend to 
have a detrimental effect on the polymer composite since 
they act as failure initiation sites in the polymer composite 
resulting in crack propagation at low tensile strain [28]. The 
agglomerates also contribute to void formation in the pol-
ymer composite, they grow and deform the matrix, even-
tually leading to failure mechanisms at low tensile strain 
[28]. Suzuki et al. [23] also found that, increase in alumina 
content in PVA had a significant increase in Young’s modu-
lus values (184% max.). The tensile strain also decreased 
with increase in alumina content in PVA. The percentage 
error as shown in Fig. 9 varied from 1 to 2%.

3.5.3 � Effect of filler loading on ultimate tensile strength 
of the film

Figure  10 indicates the variation of ultimate tensile 
strength with ZTA loading in PVA films. Initial increase 
in ZTA loading in PVA films resulted in a slight increase 
in the ultimate tensile strength, as the concentration of 
ZTA increased from 1.5 to 2.5 wt% a profound increase in 
tensile strength values were observed. The highest tensile 
strength value of 62.4 MPa was observed for 2 wt% ZTA 
loading in PVA films. Good interfacial tension between 
ZTA molecules and PVA matrix at 2 wt% may have prob-
ably attributed to increase in the tensile strength values. A 
slight decrease in tensile strength was observed at 2.5 wt% 
ZTA loading in PVA films. Wang et al. [29] discussed the 
effect of particle size on mechanical properties of the com-
posites. They found that, smaller the particle size, the poly-
mer composites exhibit higher tensile strength. At filler 
concentration, especially for ceramic particles, there is a 
reduction in the tensile strength. This is due to the neck-
ing mechanism that occurs at higher filler concentrations, 

Table 2   Effect of ZTA content on various mechanical properties of films

a Refers to pure PVA film

ZTA content 
(wt%)

Young’s modu-
lus (MPa)

Increase in Young’s 
modulus (%)

Toughness (MPa) Decrease in 
toughness (%)

Energy at break 
even point (%)

Ultimate tensile 
strength (MPa)

0.0a 663.6 – 21.0 – 54.6 51
0.5 1005.9 51.58 6.53 68.9 15.59 46
1.0 1408.9 112.31 2.329 88.9 8.20 48
1.5 1766 166.12 2.772 86.8 8.13 52.8
2.0 2681 304 3.909 81.38 8.27 62.4
2.5 2453 269.6 2.364 88.74 6.71 62
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subsequent fracture of polymer composites [29]. They 
[29] also observed that, with increase in filler loading the 
stress–strain curves became steeper and the polymer com-
posite tends to lose its ductile properties and transforming 
it into a brittle material. Similar results were observed by 
Suzuki et al. [23]. They found a slight increase in tensile 
strength values with increase in alumina content in PVA. 
The percentage error as shown in Fig. 10 varied from 1 to 
3.5%.

3.5.4 � Effect of ZTA loading on film toughness

Film toughness for ZTA in PVA matrix was calculated 
by the area under the curve of Tensile Stress v/s Ten-
sile Strain graph [17, 18, 20]. Figure 11 shows the effect 
of ZTA loading on film toughness. Film toughness was 
found to decrease very steeply with increase in ZTA load-
ing. Increase in ZTA concentration did not contribute to 
further enhancement in the film toughness. This may be 
probably due to the high stability of the tetragonal phase 
of zirconia molecules which is achieved by doping ZTA into 
PVA. Since the amount of stability in tetragonal phase has 
inverse relationship with film toughness [30], the increase 
in ZTA content in the polymer nanocomposite films has 
led to decrease in the film toughness. Another reason for 
decrease in film toughness may be due to ceramic prop-
erty of the reinforcing material [23]. Similar decrease in 
tensile strain values and reduction in film toughness was 
observed when alumina was reinforced into PVA films [23]. 
The percentage error as shown in Fig. 11 varied from 1 to 
3%.

4 � Conclusion

ZTA nano-powders were synthesized by economically 
viable solution combustion route. The synthesized nano-
powders were doped into PVA and the effect of dop-
ing concentration on PVA were studied. The nanocom-
posite films were examined for SEM, EDX, XRD and DSC 
before investigating the electrical properties. XRD results 
revealed that zirconia existed in tetragonal phase and alu-
mina existed hexagonal phase. Crystal size was analysed 
using Debye–Scherrer formula and average particle size 
of ZTA nanopowder was found to be around 30–50 nm. 
Doping ZTA into PVA matrix showed an interesting trans-
formation of the polymer from semi-crystalline to crystal-
line nature. SEM results showed that, ZTA nanoparticles 
were distributed homogenously and the level of agglom-
eration in films was directly dependent on the increase 
in doping concentration of ZTA nanopowder. EDS results 
revealed the chemical composition of ZTA nanopowder. 
Thermal analysis using DSC showed that the crystallization 
temperature of the nanocomposite films kept on increas-
ing with increase in ZTA concentration in the films. This is 
probably due to the crystalline nature of ZTA. AC conduc-
tivity measurements were carried out using impedance 
analyser. The results revealed that conductivity decreased 
with increase in frequency and doping concentration. 
Pure PVA exhibited semiconducting behaviour. Increase 
in ZTA concentration in PVA transformed the semiconduct-
ing nature of PVA to insulating material. At high frequen-
cies specially in the range of 1.25 GHz to 5 GHz, all the 
nano polymer composites exhibited excellent dielectric 
properties indicating that ZTA doped polymer nanocom-
posites are suitable for electrical insulation applications. 
Enhanced mechanical properties such as Young’s modu-
lus and ultimate tensile strength were observed with ZTA 
loading in PVA matrix. Best results for Young’s modulus 
and ultimate tensile strength were observed for 2 wt% 
loading of ZTA in PVA matrix, the values were found to be 
2681 MPa and 62.4 MPa respectively. Film toughness was 
found to decrease with increase in the nano filler load-
ing due to the stabilized tetragonal phase of zirconia in 
the ZTA nanopowder. These results suggest that ZTA is a 
promising nanomaterial for future electrical insulation and 
mechanical applications.
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