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1 | INTRODUCTION
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Abstract

The demand for flexible, lightweight, and long-lasting energy devices has stim-
ulated interest in solid polymer blends. The conventional lithium-ion batteries
use liquid electrolytes that are chemically unstable due to the presence of car-
bonates, which are highly volatile and flammable, creating a significant safety
risk. Therefore, the need for the development of solid-state electrolytes that are
safe, environmentally friendly, with robust mechanical properties. In this
work, the solid polymer blend is explored using a mixture of a polymer matrix
of polyvinylpyrrolidone/polyvinyl alcohol and lithium perchlorate salt. The
produced films are characterized using a scanning electron microscopy, X-ray
diffraction, and Fourier transform infrared. The mechanical properties of the
flexible films are also measured using nanoindentation techniques, statistical
deconvolution mapping, tensile tests, and fracture toughness measurements.
(Young's modulus of 6.87 GPa, hardness of 1.3 GPa, tensile strength of
4.3 MPa, and fracture toughness of 0.81 MPa.m’”) The implications of the
results are then discussed for potential applications of robust solid polymer
blends-based electrolytes.
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risks that are associated with the chemical instability of
liquid electrolytes, for example, due to the presence of

The worldwide trend in the continuous demand and effi-
cient use of renewable technologies especially in portable
electronic devices, the rapid development and expansion
of the electric vehicle market in the last decade signals
the importance of energy storage technologies, particu-
larly lithium-ion batteries (LiBs). The conventional LiBs
use liquid electrolytes and plays a major role in the mar-
ket. However, there are significant fire and explosion

carbonates that are highly volatile and flammable."
Solid electrolytes (SEs) offer promising and viable
alternatives that reduce the safety risks associated with the
use of liquid electrolytes. Among all SEs, polymer-based
SEs are preferred because of their low flammability, good
flexibility, excellent thermal stability, and high safety.
Although prior research efforts>* have shown that
solid polymer-based electrolytes enhance electrochemical
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performance, the relatively low-ionic conductivities
and poor mechanical properties of SEs still remain a
major challenge that must be overcome. In order to
address these challenges and enhance the performance
of SEs, several composites (reinforced with particles)
have been explored as electrolytes in polymer-based
blends.>® Nevertheless, there have been only limited
studies of the mechanical properties of polymer-based
solid electrolytes. Hence, in this work, we will focus on
the mechanical properties of a PVA/PVP/LiCl0, solid
polymer blend, with the aim of addressing this knowl-
edge gap. It is important to study the mechanical prop-
erties of solid-state electrolyte (SSE) to give an
understanding of the behavior of the blends to
applied load.

The quest for novel solid polymer electrolytes (SPEs)
has evolved into the use of polymers such as polyvinyl
alcohol (PVA), polyvinylpyrrolidone (PVP), polyethylene
glycol (PEG), polyacrylonitrile (PAN), polyethylene oxide
(PEO), and polyvinylidene fluoride (PVdF) in energy
storage.” Sundaramahalingam et al.” noted that “most of
the industries uses poly (vinyl alcohol) (PVA) as an effec-
tive polymer matrix to achieve the desired properties,”
while Abdelrazek et al.* doped PVA with phosphoric acid
and applied it as electrolyte in solid-state photocells and
solid-state electrochromic displays.

In this work, we explore the development of SE using
a mixture of host polymers of PVP, PVA and lithium per-
chlorate (LiClO,) integrated into flexible and lightweight-
transparent films. The mechanical properties of the films
are studied using nanoindentation techniques and statis-
tical deconvolution mapping, tensile tests, and fracture
toughness measurements.

Yoon et al.” carried out mechanical tests to measure
the fracture properties of the solid electrolyte interphase
(SEI) on lithium metal anodes in LiBs. These are made
up of electrolyte additives, such as ethylene carbonate
(EC) and fluoroethylene carbonate (FEC). Atomic force
microscopy (AFM) and membrane-bulge configurations
were then combined to determine the stress-strain
behavior of SEI, as well as the onset of inelastic response
and the initiation of fracture in the two different electro-
lytes (1.2 M LiPF¢ in EC and 1.2 M LiPFg in EC/FEC
[8:2]. This was used to study the effects of the FEC addi-
tive). The mechanical properties of SSE have also been
shown to have a major effect on the performance of
energy storage systems.” '

Yan et al.'® have used depth-controlled indentation
mapping tests to study the mechanical properties of the
solid electrolyte material (Li; 3Aly3Ti;7[PO4]s) {LATP}
along different loading axes. The nanoindentation surface
profiles were studied after the indentation of the ceramic

electrolyte (with a rhombohedral crystal structure). The
Young's moduli and hardness values (calculated using
the Vlassak-Nix model'®) were compared with experi-
mentally determined Young's moduli and hardness
values. The experimental results were in good agreement
with the predictions from the model. However, there
were slight differences between the extreme value of
118-177 GPa (obtained for the model) and the experi-
mental results of 114-160 GPa.'®

Fincher et al.'” have also studied the mechanical
properties of metallic lithium using nanoindentation
measurements and bulk tensile testing. They reported
that bulk Li has a yield strength between 0.57 and
1.26 MPa, for strain rates between 5 x 10~* s™! and
5 x 10~ ' s They also reported a decrease in the hard-
ness from 43 to 7.5 MPa, as the indentation depth
increases from 250 nm to 10 pm, in the case of indenta-
tion tests with loading P/P = 0.05 s ..

However, to the best of our knowledge, there has
been no prior work on the mechanical properties of
PVA/PVP/LiClO, polymer-based solid electrolytes that
are being considered for potential applications in charge
storage. Thus, the major objective of this work is to study
the mechanical properties of PVA/PVP/LiClO, polymer-
based SEs. This will be done using a combination of ten-
sile, nanoindentation and fracture toughness measure-
ments to determine the strength, Young's moduli,
hardness, and fracture toughness values of solid blends of
PVP/PVA and Lithium perchlorate salt. The Oliver and
Pharr method'®" will be used to study the spatial varia-
tions in the local mechanical properties. These will then
be analyzed using statistical deconvolution techniques
that will be used to extract the mechanical properties of
the materials in the composite blends.'*?°** Finally, the
fracture mechanisms and the crack/microstructure inter-
actions associated with the fracture of the blends will be
elucidated before discussing the implications of the cur-
rent work for the design of mechanically robust
PVA/PVP/LiClO, polymer-based solid electrolyte.

2 | MATERIALS AND METHODS

2.1 | Materials

The chemicals and reagents were of analytical grade and
used as received without any further purification. The
PVA with Mw 89,000-98,000 g/mol (99+ % hydrolyzed),
PVP with Mw 55,000 g/mol, and Lithium perchlorate
(LiClO,4) salt were all purchased from Sigma-Aldrich
Company, St. Louis, MO. Distilled water was used for the
preparation of the samples.
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FIGURE 1 (a)Flexible
transparent film and (b) 3-D design
of flexible film with solid works
software

2.2 |
blend

Preparation of the solid polymer

PVA, PVP, and lithium perchlorate were prepared
according to’ with some modifications. 0.5 g of PVA and
0.5 g of PVP were dissolved in 25 g of distilled water sepa-
rately which constitute 2 wt% of each solution. After-
wards, x grams of lithium perchlorate (x = 0.1, 0.2, 0.3,
0.4 and 0.5) dissolved in 10 g of distilled water which are
made up of various compositions of 1, 2, 3, 4, and 5 wt%
respectively. First, the PVA precursor was measured in a
beaker and distilled water was added appropriately. Dis-
tilled water was used as a preferred choice of solvent for
the polymers dissolution to avoid introducing counter ion
effect in using other solvents like dimethyl sulfoxide
(DMSO) and dimethylformamide (DMF).

The mixture was heated at 90°C with stirring at
350 rpm for 1 h and continued stirring without heat at
350 rpm for 4 h to obtain a homogeneous transparent
solution. Similarly, PVP and lithium acetate solutions
were prepared separately following the same procedure
for the PVA without heating. Each of the solutions pre-
pared were mixed and stirred for 24 h to obtain a homo-
geneous solution. Finally, the solution was then poured
into polypropylene dish and dried at ambient. The flexi-
ble uniform and transparent films obtained was kept in a
desiccator after drying for further characterization.
Figure 1a shows a picture of one of the obtained transpar-
ent and uniform films while Figure 1b shows the 3-D
design with Solid works software (LULZBOT TAZ
6, Fargo, ND).

2.3 | Tenslile tests

Tensile tests were carried out on both the bare PVA-PVP
and doped films using Servohydrolic Instron machine
(Instron 8872, Instron, Norwood, MA) which was
instrumented with a 10 N load cell. The tensile tests were

(b)
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Thickness

6 x & (36 points array)

7 pm Spacing
4P/2
(a) (b)
—
GL
B >
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FIGURE 2 (a)Dog-bone specimen (b) schematics diagram of
single edge notched specimen under tension [Color figure can be
viewed at wileyonlinelibrary.com|

carried out on dog-bone specimens (Figure 2a) that were
deformed at a crosshead speed that corresponds to a

strain rate of 4 x 107 2s™ %

2.4 | Fracture tests

To estimate the fracture toughness of the flexible polymer
blend, we carried out fracture tests on a single edge
notched specimen under tension using Instron testing
machine (Instron 68SC-1, Norwood, MA). Figure 2b pre-
sents the schematics of the single edge notched specimen
used for the measurements. The crosshead of the instru-
ment was operated at a speed of 2 mm/min to strain the
samples using a very sensitive calibrated 10 Newton load
cell. The test was performed for the polymer blends with
different concentrations of the lithium perchlorate
(LICIO,) salt.
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where Kjc is the fracture toughness, P is the force, a is
the notch length, w is the width of the material while B is
the thickness of the material.

2.5 | Nanoindentation measurements
The flexible uniform and transparent films were mounted
on steel stage for indentation test. The indentation exper-
iments were used to measure the Young's moduli and
hardness values of the SSE (PVA/PVP/LiClO,). The
resulting films had an average thickness of ~0.33 mm,
measured using a micrometer screw gauge. The indenta-
tion measurements were carried out on all the prepared
films while maintaining a relative humidity of less than
5% to prevent the film from absorbing moisture within
the environment using the TI950 Triboindenter (Hysitron
Inc., Minneapolis, MN), coupled to a Dimension 3100
scanning probe microscope (Veeco Instruments Inc.,
Woodbury, NY), (A Berkovich indenter tip, a three-sided
pyramidal-type tip, with an included angle of 142.3°) was
used for indentation testing. The choice of the Berkovich
indenter was because of its large included angle which
tends to increase the contact area with the samples. The
indentation loading profile included the following three
steps: loading to a peak load in 10 s: holding at the peak
load for 5s, and returning to zero load in 10s. A peak
load ranging from 500 pN to 1000 pN was applied. Grid
indentation with multi-points using a 6 x 6 (36 points
array) matrix mapping was carried out to determine the
average elastic modulus and average hardness of the sam-
ple. The same load function was set for each experiment
in the grid. To minimize the possible interactions
between adjacent indents, all the indents were separated
by at least 7 pm. A contact-based scanning probe method
was used to capture the images of the surfaces before and
after the indentation.

The indentation depths were generally much greater
than the surface roughness levels. Commonly, for metal-
lic materials, indentation depths should be at least
20 times greater than the average surface roughness to
minimize the possible effects of rough surfaces.** Also,

the, indentation depths should be less than 10% of the
film thickness to minimize substrate effects,'® especially
for those films harder than the substrate.

In this study, a range of peak loads was selected,
which generated a range of contact depths during the
indentation experiments, to study the possible effects of
indentation depth. Finally, the peak loads were
maintained for sufficient durations to minimize the possi-
ble effects of viscoelasticity on the measured -elastic
moduli.

In addition to determining the elastic modulus and
hardness, loads above the peak values were applied for
possible inducement of cracks within the layers to study
the fracture toughness of the samples. The images of the
samples were viewed using a scanning probe microscope
(SPM) attached to the Triboindenter. Furthermore, statis-
tical deconvolution mapping was carried out to further
determine the mechanical properties using its toolbox in
Matlab software (MATHWORKS Inc. Natick, MA).

2.6 | Materials characterization

The surface morphology of the samples was characterized
using a scanning electron microscope (SEM, ZEISS EVO
LS10 MA). The crystallinity of the samples was carried
out using a Malvern PANalytical X-ray diffractometer
(XRD) (Malvern PANalytical, Westborough, MA),
equipped with a Cu Ka radiation source and a Beta
Nickel filter that was operated at 40 kV and 40 mA in the
20 range (20 = 10-90°). Fourier transform infrared
(FTIR) measurements were used to obtain the transmit-
tance spectra of the films. These were obtained using a
QATR-S single reflection integration type ATR accessory
with a diamond crystal (QATR-S, Shimadzu, USA) with a

wave number range of 500-4000 cm .

3 | RESULTS AND DISCUSSION

3.1 | Microstructure

The surface morphologies of the uniform and flexible
transparent films are presented in Figure 3a—f. Figure 3a
shows a uniform rough surface for the blend of
PVA/PVP. In Figure 3b-f, the uniform roughness of the
film surfaces increases due the dissolution of salt
(LiClO,) in the blend polymer film. As the amount of salt
is increases, some crystallites are also observed in blend
polymers. This is clear from the XRD results, which
shows that the PVA/PVP is amorphous in nature. The
differences in the surface morphologies are attributed to
the oxidation and interactions of the functional groups
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FIGURE 3 SEM micrographs
(a) PVA + PVP (b) PVA + PVP

+ 1 wt% LiClO, (c) PVA + PVP +
2 wt% LiClO, (d) PVA + PVP

+ 3 wt% LiClO,4 (e) PVA + PVP

+ 4 wt% LiClO, (f) PVA + PVP +

5 wt% LiClO,. LiClOy, lithium
perchlorate; PVA, polyvinyl alcohol;
PVP, polyvinylpyrrolidone; SEM,
scanning electron microscope

Mag= 337KX
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FIGURE 4 (a)XRD patterns of (a)
2 wt% PVA: 2 wt% PVP with blends
of various concentrations of lithium
perchlorate. (b) FTIR spectra of

2 wt% PVA: 2 wt% PVP with blends

——PVA+PVP
——PVA+PVP+1 wt.% LiCIO,

——PVA+PVP+2 wt.% LiCIO,
—— PVA+PVP+3 wt.% LiCIO,

h ——PVA+PVP+4 wt.% LiCIO,
by —— PVA+PVP+5 wt.% LiCIO,|

——PVA+PVP, PVA+PVP+1 wt.% LiCIO, (b)
——PVA+PVP+2 wt.% LiCIO,
—— PVA+PVP+3 wt.% LiCIO,
—— PVA+PVP+4 wt.% LiCIO,
—— PVA+PVP+5 wt.% LiCIO,

of various concentrations of lithium

perchlorate. FTIR, Fourier transform

Intensity (a. u.)
4
!
[

infrared; PVA, polyvinyl alcohol;

PVP, polyvinylpyrrolidone; XRD,

X-ray diffractometer [Color figure

Transmittance (a. u.)

v"—’_’—""W/-\,\

can be viewed at 10 20 0

wileyonlinelibrary.com]

that are present in the polymer blend (presence of
hydroxyl group of PVA and carbonyl group of PVP) with
different salt contents. The roughness and crystallinity
can also be explained by the distribution of the salt in the
blended polymer matrix.

X-ray diffraction (XRD) patterns of the flexible trans-
parent films are presented in Figure 4a. PVA has been

2 Theta (Degree)

50 60 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

reported to be semi-crystalline in nature with peaks appe-
aring at 20° and 40°”*> From Figure 4, the polymer blend
of PVA/PVP has peaks at 20 = 19.6° and 40.2°. These are
associated with the long chain carbon backbone and
amorphous nature of the PVA in the polymer blends with
PVP. However, the amorphous nature of the polymer
blend changes, as the concentration of lithium
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perchlorate increased in the matrices, this is as a result of
the complex bond of Li*...C=0 (short range of LiClO, in
the matrix of PVA/PVP blend.***’

Hence, increasing the concentration of the LiClO4
increases the crystallinity of the compositions. It was also
observed that the interactions of the functional groups
present in PVA/PVP and the dopant ions from LiClO,
(Li* and ClO, leads to the displacement of the ions from
their lattice sites which is responsible for the shifts in
peaks and crystallinity of the composition.*®

The above interactions, as well as the bond formations
of the polymer blends and the compositions of the matri-
ces with the LiClO,4 were investigated with the FTIR spec-
troscopy. The IR spectra of the films with different
concentrations of the LiClO, are presented in Figure 5b.

The band observed at ~1564 cm™' originate from PVP
and is attributed to the characteristics vibration of pyridine
ring (C=N) while the transmission band at 844 cm™' is
associated with the out-of-plane rings of C=H bending.
The pure PVA has its transmission band at 3340 cm ™' due
to the O=H stretching vibration of hydroxyl group which
is consistent with literature.”***° The respective IR bands
of the polymer blend at 3340, 2932, 1646, 1419, 1020, and
928 cm™ ! are due to the O—H stretching, (C—H), asym-
metric stretching, C=0 stretching, CH, bending, C—O
stretching, and C—O symmetric stretching, respectively.”®
The shift of C=0 bond signal is also due to the hydrogen
bond between C=0 and OH groups.

This is in agreement with the XRD results
(Figure 4a). The shape and intensity of the bands also

(a) (b) _= S— (©)
PVA + PVP © ; a —PVA+PVP
5 . PVA +PVP +1 wt% LiCIO, o : ® [BVASEVE <1 wes LICIOS b ——PVA+ PVP+ 1 wt% LiCIOg
A 4 g A mﬁ*gﬁ*gmtgg: ——PVA + PVP + 2 wt% LiCIO4
o Li PP+
,a Ao PVA +PVP +2 wt% L|CIO4 g 154 o : VA PR e Ticio 800 —PVAoPVPo:}M%L?CIO‘
54 v PVA +PVP +3 wt% LiClOy4 5 < PVA +PVP + 5 wt% LiClO4 2 _:z:‘ :::‘;mt'z:g‘
ol ¢ PVA +PVP +4 wt% LiClOy b S Z 6004 ¢
@ « PVA +PVP +5 wt% LiCIO4 =" . g
c ° =
e O 400 -
14 g .| % =
© S 51 & v
I 1 o e »
2 a 200
e .
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0 1000 2000 3000 4000 5000 [ 100 200 300 4 500 0 80 160 240 320 400
Displacement (nm) Displacement (nm) Displacement (nm)
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(d) ——PVA +PVP (e) u PVA +PVP
1000 4 ———PVA +PVP +1Wt% LiCIO4 w ® PVA+PVP+1wth LiClO4
«=PVA +PVP +2 wt% LiCIO4 o A PVA +PVP+2wth LiCIO4
800 ——PVA +PVP + 3 wt% LiCIO4 915- v PVA+PVP+3wth L?CIO4
A PVA +PVP +4 wit LiCIO, 2 ¢ PVA+PVP+4wth LICIO,
5 ———PVA +PVP + 5 wt% LiCIO, 3 v' 4 PVA+PVP+5wth LiICIO4
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3
3 ’ .
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FIGURE 5 Indentation plots (a) hardness versus displacement (b) elastic modulus versus displacement (c) force versus displacement

(d) force versus time (e) elastic modulus versus hardness (f) 3-D image of polymer blend before indentation (g) 3-D image of polymer blend

after indentation [Color figure can be viewed at wileyonlinelibrary.com]
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increases as the concentration of LiClO, increases, this is
responsible for the transition from the semi-crystalline of
the polymer blend to the crystalline nature of the electro-
lyte. At ~1647 cm ™!, the presence of the vibrational band
corresponds to the C—O symmetric bending of PVA and
PVP.”! Peaks from 1640 to 1649 cm ™' regions are attrib-
uted to shift in stretching modes of the carbonyl bonds,
as a result of the pyrrolidone rings. In summary, it can be
inferred that the shifts and variations in the intensities of
the FTIR spectra (of the electrolyte compositions)
describe the complexities of the salt and polymer
blends.”®

3.2 | Indentation measurements and
fracture toughness

A summary of the Young's moduli (E), hardness
(H) values and fracture toughness values obtained from
this study is presented in Table 1, which also includes the
ratio E/H. It is interesting to note here that the concen-
tration of the salt (LiClO,) in the blends of the polymer
matrix (PVA/PVP) increased until an optimal value was
reached. It then decreased with increasing salt concentra-
tion. This can be attributed to the formation of stronger
bonds between the polymer matrix and the salt as the salt
concentration increases. However, beyond the optimal
value of salt concentration, the drop in the values of E
and H indicates that the composite material becomes
brittle.

On the other hand, as shown in Figure 5a, the contact
depth decreases as the concentration of the salt (LiClO,)
in the blend of the polymer matrix (PVA/PVP) increases
until an optimal value and then increases. The reason for
decease in contact depth implies that the material has a
high strength and high resistance to deformation, a char-
acteristic needed to suppress any dendrite growth of Li
metals and boost large-scale device production.*®>

Applied Polymer_wiLgy-l 7

Figure 5a shows the plot of hardness (GPa) as a func-
tion of the displacement (nm). It is observed that the
hardness decreased as the displacement increased. This is
due to decrease in contact depth and roughness of the
material. Similarly, in Figure 5b, the plot of reduced mod-
ulus (GPa) against displacement (nm) shows that the
modulus decreases as the displacement increases.
Figure 5c,d presents a plot of the Force (uN) as a function
of the displacement (nm). These show the loading, hold
and unloading times of each concentration of the film, all
emanating from the origin. Figure 5e presents plots of
reduced modulus (GPa) against Hardness (GPa). It was
observed that both properties increased with increasing
concentration of the salt (LiClO,) in the blends up to an
optimal value at PVA/PVP/4 wt% LiClO,, beyond which
and the properties decreased. Figure 5f,g presents respec-
tive 3-D images of the solid electrolyte before and after
indentation. A peak load of 5000 pN (as against the initial
1000 uN load used) was applied. However, no visible
crack was observed after the application of this load.

To further elucidate the fracture behavior of the flexi-
ble polymer blend, the fracture toughness was measured
using a single edge notched specimen. Figure 6a presents
the force-displacement curves for the control (PVA
+ PVP) and polymers with different proportions of
LiClO,. The results show that the blends with incorpora-
tion of 1%-2% of LiClO, salt have similar ductile behavior
as the control specimen with evident of low strength. The
force-displacement curves are very close (Figure 6a).
However, the strength increased with increasing propor-
tion of the salt from 2% to 4%. The ductility of the poly-
mer blend also decreases with increasing concentration
of the salt. At higher concentration (up to 5%), the
strength of the flexible polymer blend is reduced
(Figure 6a). The decrease in the strength at 5 wt% can be
associated with inhomogeneity of the excessive powder
in the blend which can create pathways for crack initia-
tion and propagation. It is important to note that a

TABLE 1 Indentation measurements and tensile tests of the PVA/PVP/LiClO, blend at different salt concentration

Young's Fracture Tensile

modulus Hardness toughness strength
Sample (GPa) (GPa) (MPa.m®®) E/H (MPa)
PVA/PVP (50/50) 1.72 0.53 0.32 3.25 7.85
PVA/PVP + 1 wt% LiClO, 2.40 0.57 0.45 4.22 1.44
PVA/PVP + 2 wt% LiClO, 2.70 0.63 0.5 4.29 1.34
PVA/PVP + 3 wt% LiClO, 4.11 0.92 0.76 4.47 3.00
PVA/PVP + 4 wt% LiClO, 6.87 1.3 0.81 5.29 4.30
PVA/PVP + 5 wt% LiClO, 4.14 0.91 0.78 4.55 1.51

Abbreviations: LiClOy, lithium perchlorate; PVA, polyvinyl alcohol; PVP, polyvinylpyrrolidone.
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FIGURE 6 (a) Plots of force-
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——PVA + PVP + 5 wt.% LICIO4
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TABLE 2 Summary of the fracture toughness values using
single edge notched specimen under tension result

Toughness
Sample (MPa.m’®)
PVA + PVP 0.3286
PVA + PVP + 1 wt% LiClO, 0.3392
PVA + PVP + 2 wt% LiClO, 0.3424
PVA + PVP + 3 wt% LiClO, 0.5588
PVA + PVP + 4 wt% LiClO, 0.5649
PVA + PVP + 5 wt% LiClO, 0.4590

Abbreviations: LiClOy, lithium perchlorate; PVA, polyvinyl alcohol; PVP,
polyvinylpyrrolidone.

balance is needed between the strength and ductility of
the reinforced LiClO, salt—flexible polymer blend for a
desired functionality.

The fracture toughness of the polymers was estimated
using Equation (1). Figure 6b presents the results of the frac-
ture toughness values for control and LiClO, incorporated
flexible polymer blends. The results are also summarized in
Table 2. The results show that the fracture toughness of the
polymer blends increased as the concentration of the salt
increases from 0% to 4%. The increase in the toughness is
attributed to the formation of stronger bonds between the
polymer matrix and the salt. The optimal value of the tough-
ness was recorded for polymer with 4 wt% concentration of

displacement curves, (b) fracture
toughness values and (c) optical
images of failure mechanisms during
fracture of the flexible polymer
blends [Color figure can be viewed at
wileyonlinelibrary.com]

Control 1wt.% 2wt.% 3Iwt% 4wt% Swt%

Vv

Coalescence
of voids

the salt. We observed a drop in fracture toughness value for
flexible polymer with 5 wt% concentration.

The trends in the fracture toughness results obtained
from the single notched samples are in agreement with the
result obtained from the fracture toughness obtained from
the nanoindentation technique (Table 1). The optical images
of the failure mechanisms of the fractured flexible polymer
blends are presented in Figure 6¢ (I, II, III, IV, and V). As
the notch opens, we see evidence of tip blunting before
crack initiation. There is also evidence of voids formation
that coalesced to form big cracks. The trends in the mea-
sured Young's moduli and hardness values also imply that
the control of the blend mixtures can be used to engineer
the design of robust films with attractive combinations of
strength, Young's moduli and fracture toughness.

3.3 | Tensile tests

The tensile test was performed for the polymer blends
with different concentrations of the lithium perchlorate
(LiClO,4) salt and the results of the tensile strength is
presented in Table 1 and Figure 7. From Table 1, the ten-
sile strength for the PVA + PVP blend is higher than
what was obtained after the addition of the different con-
centrations of the LiClO, salts; this is due to less impact
of elastic deformation and elongation of the polymer
chains. It also demonstrates better comparative ductility
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FIGURE 7 Plot of tensile stress (MPa) verses tensile strain (%)

[Color figure can be viewed at wileyonlinelibrary.com]

and toughness as seen from the area under the curve in
Figure 7 as well as good linear relationship between the
stress and strain.

The addition of 1wt% LiClO,4 salt to the polymers
blend results to significant reduction in the tensile
strength due to weak intermolecular interaction as well as
poor adhesion at the interface of the blends.*® It was also
observed that this increased the ductility of the material
due to further elongation of the polymer chains. There
was an irregularity of tensile strength behavior at 2 wt%
LiClO, which could be attributed to the presence of
defects as reported by Sallal et al.* The tensile strength
value increased with the highest value recorded at the
concentration of 4 wt% LiClO, and then reduced at the
addition of 5 wt% LiClO,4 due to reduction in the crystal-
linity as seen in the XRD pattern of Figure 4a.

The above trend shows that the complex formed at the
addition of 4 wt% LiClO,4 gave an optimal tensile strength
of the polymer blends with the salt (which is in agreement
with the results of the hardness, Young's modulus and frac-
ture toughness performed with the Nano indentation tests
in Table 1). This is due to stronger bonds formed from the
interactions of the various functional groups present as
seen in the FTIR analysis (Figure 4b). Also, the XRD analy-
sis (Figure 4a) reveals that increasing the particle loading
of the polymer blends increases the crystallinity of the
resultant composite which further explains the increase in
the tensile strength as the salt concentration is increased
from 1 to 4 wt%.

3.4 | Deconvolution and mapping using
statistical deconvolution

The mapping from the indentation test to determine the
tribological properties of the PVA/PVP/LiClO, blend of

the polymer blend are presented in Figure 8a-d. The
mapping was implemented using Matlab Software
(MATHWORKS Inc. Natick, MA) to extract the values of
the Young's modulus and hardness values from the mul-
tiple grids in the indentation test.

Figure 8a shows the statistical deconvolution map-
ping of elastic modulus (GPa) in the x and y coordinates
(pm) respectively with 6 points of indents along x-axis as
well 6 points of indents along y/z axis making a total of
36 points array. The distance between indents (along
both axis) was 7 pm. Also, the Young's modulus (in GPa)
differentiated with color bars having a mean property
value of 11.57 GPa. (+46.75) as shown in Table 3.
Figure 8b presents the statistical mapping of hardness
(GPa) in the x and y coordinates (um), respectively, with
the distance between indents in both axis being 7 pm,
while the hardness (GPa), differentiated with color bars,
had a mean value of 6.01 GPa. (+3.8) as tabulated in
Table 3.

Figure 8c shows the statistical deconvolution map-
ping of the plots of elastic modulus (GPa) verses hardness
(GPa). The elastic modulus has a direct correlation with
hardness. This result is in agreement with the
nanoindentation calculated result which is attributed to
the formation of stronger bonds between the polymer
matrix and the salt. The variance in the nanoindentation
calculated result and statistical deconvolution result
could be as a result of the large size of the 36 points
array.

Figure 8d The plot of probability density function
(PDF) and cumulative density function (CDF) against
hardness (GPa) showing the changes in phase in the his-
togram tabulated in Table 4. The results suggest the
improvement in the mechanical properties from phase
1 to phase 2.

4 | SUMMARY AND CONCLUDING
REMARKS

This article presents the mechanical properties of
PVA/PVP/LiClO, blends that are being explored as solid
electrolytes in energy storage systems. Optimal reduced
Young's modulus and hardness values (6.87 GPa and
1.30 GPa, respectively) and the fracture toughness esti-
mates of 0.81 MPa.m”> were obtained. The results shows
that the moduli (E) and hardness (H) values of the mate-
rials, as well as the ratio, E/H, and the fracture tough-
ness, increased as the concentration of the salt (LiClO,).
in the blend of the polymer matrix increases. These
increases continue until the minimum contact depth is
reached. The contact depth then increased with increas-
ing PVA/PVP proportions. Also, the combination of
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TABLE 3 Results of the statistical deconvolution mapping of
mechanical properties from indentation experiments

Mean Number of Spacing
Mechanical property points in between
property value (GPa) array indents (um)
Young's 11.57 + 46.75 36 7
modulus (E)
Hardness (H) 6.01 +3.8 36 7
TABLE 4 Estimated values of Hardness (GPa) from PDF
and CDF
Phase 1 of PDF Phase 2 of PDF
(hardness in GPa) (hardness in GPa)
Maximum value  5.116 22.865
Mean value 1.677 6.074
Minimum value  0.941 0.059

Abbreviation: CDF, cumulative density function; GPa, verses hardness; PDF,
probability density function.

mechanical properties (Young's moduli, hardness
values, and fracture toughness) of the PVA/PVP
blends compares favorably with those of emerging
promising materials that are being developed for
potential applications in SSEs. Although, the focus of
this work is on the mechanical properties of
PVP/PVA-based solid electrolytes. This work
acknowledges that a detailed optimization of the con-
ductivity is needed to develop electrolytes with opti-
mum conductivity as a function of temperature which
will be studied in future work.
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