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Abstract

This study investigates the dynamic mechanical properties of Polyvinyl Alcohol (PVA)
cross-linked with Glutaraldehyde (GA). The cross-linked polymer is prepared by using a
conventional casting technique and then treated with Sulphuric acid for 24 hours. The flexural
properties during static and dynamic modes are studied using a three-point bending condition.
The static flexural properties improved by adding 30% GA in PVA, with the ductile property. It
has observed that dynamic mechanical properties of PVA increase significantly with an
increase in cross-linking percentage. The storage and loss modulus increased drastically by
adding crosslinker up to 20%, and marginal changes occurred with further addition of
crosslinker. The fracture behavior is transformed from ductile to brittle for crosslinker more
than 20%. The shifting of rubber region and liquid region with higher temperatures is
observed in storage and loss modulus plots. Improvement in adhesion factor, cross-linking
density, and effectiveness was observed in GA up to 25%. The test duration is estimated using
the Williams-Landel-Ferry model for different temperatures. The major changes are in the
modulus in the rubbery plateau region. The cross-linked polymer has a much greater storage

and loss modulus indicating the closer network structure and higher stiftness.
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Notation

Ar Adhesion factor
C Coefficient for effectiveness of crosslinking

DMA Dynamic Mechanical Analysis

E' Storage Modulus

E” Loss Modulus

E' Storage Modulus in glassy region
E' Storage Modulus in rubbery region

GA Glutaraldehyde

M. Cross-link density

PVA Polyvinyl Alcohol

R Universal Gas Constant

SEM Scanning Electron Microscopy

T Test Temperature

Ty Glass Transition Temperature

Tr Room Temperature

TTS Time-Temperature Superposition
Vi Volume fraction

Y Required years of operation

aT Shift factor

AE Activation energy
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1. Introduction

Nowadays the world is focussing more on using eco-friendly materials like soy oil-based resin,
cellulose fiber, Polylactic Acid (PLA), PVA based fiber and their blended materials in the field
of building materials, automobile parts, and civil and construction industries.!” Also, the
applications of PVA are having a prominent role in biomedical devices like interference screws,
tacks for ligament attachment, meniscal repair, suture anchors, rods, and pins.® In this regard,
there is a lot of scopes to search for novel bio-materials and is highly pronounced. Thereby the
application of bio-materials would help to decrease the global warming effect. Maya and

Thomas’

surveyed in 2008 and reported that bio-materials play a vital role in reducing
environmental hazards. Imre et. al.® observed that the use of blended biopolymers increased
drastically in 2010 onwards, as they have exhibited better performance when compared to base
materials. Parinaz et. al.” conducted an investigation on Polyvinyl alcohol (PVA) and polyvinyl
alcohol/Polyvinyl Pyrrolidone (PVP) bio-medical foams, which are prepared by high-speed
mechanical mixing and freeze-drying process. From the study, it is observed that
PVA80/20PVP foam had shown better flexibility than pure PVA. It could be due to the
uniformly open-pore structure of the prepared materials. Renbo et. al.!” studied the static and
dynamic mechanical properties of PVA fiber reinforced ultra high-strength-strength concrete.
From the study, it is revealed that PVA fiber-reinforced concrete showed relatively good
ductility, toughness, and deformability when compared to steel-reinforced concrete during

static loading conditions. Teresa et al.!! studied the effect of Cloisite Na+, Nanofil (NF) and

Cloisite (30B) montmorillonites filler materials for PVA and found that composites with
5
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organically modified montmorillonites exhibited the lowest water absorption as compared to
the base materials. Eunsil et al.,'*> worked on lignin/PVA nanocomposites fibers by varying
lignin concentrations developed via electro-spinning and concluded that the PVA
nanocomposites have advanced functions and they are eco-friendly. Jin and Seungsin'®
demonstrated that polyvinyl alcohol nanofibrous membranes containing Coptidis Rhizoma
extracts have considerable potential to ensure the effective antimicrobial wound dressings.
Jagadish et al.!'* carried experimentation on proton-conducting solid polymer electrolyte films
which are composed of Diazonium Hydrogen Phosphate (DAHP) and PVA. The specimens
were prepared by a solution casting method and observed that the addition of nanofillers
enhanced the physicochemical properties of DAHP/PVA composites. Shadpour et al.!
observed that the reinforcement of the Al,O3; nanoparticles with PVA resulted in improvement
of thermal properties. In addition, nanoparticle in the polymeric matrix has strong hydrogen
bonding between O-H groups of PVA and the O-H groups of the AL>O3 nanoparticles.

Nor et al.'

studied the mechanical properties of y-Fe2Os nanoparticles filled polyvinyl
alcohol nanofiber using the electrospinning process. In the study five input variable factors
were considered, namely nanoparticles content, voltage, flow rate, spinning distance, and
rotating speed to understand the response of Young’s Modulus. From the study, it is noticed
that about 9% of filler content in PVA had shown the enhanced mechanical properties. Jibril et
al.'” studied the effect of single-walled carbon nanotube nanocomposites and found that
incorporation of ozone treatment improved the dispersion of nanoparticle and its interfacial

1.18

adhesion. Shuai et al.'® discovered the effect of Calcium Silicate (CaSiO3) filler material on the
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performance of the PVA materials and found that compressive strength was increased when the
filler material is increased by up to 15 weight percent. Elena et al.,'”” worked on Polyvinyl
Alcohol/Chitosan (CS)/ montmorillonite (C30B) nanocomposites for food packaging
applications and found that mechanical properties improved with 5% weight C30B Nanoclay.
Amir et al.?° examined the influence of PVA content, screw speed, and clay content on the
performance of starch/PVA clay nanocomposite films, prepared by twin-screw extruder. From
the results, it is observed 5% clay in PVA has exhibited better mechanical properties. Bhasha et.
al.?! observed that 1% Graphene Oxide (GO) content in PVA enhanced the tensile strength and
this could be attributed to the existence of hydroxyl and carboxylic groups in PVA and GO

nanoparticles, respectively. Yuansen et. al.?

conducted experiments on leather shaving
reinforced PVA composite and found that 5% weight fraction resulted in better tensile strength.
Shamima et.al.?* studied the thermal and mechanical properties of potato starch-filled PVA and
PLA composites for biomedical applications. The test results revealed that starch PVA
composites have better mechanical properties than pure PVA and starch-filled PLA.
Xiaohong et. al.>* concluded that PVA nanofiber mats cross-linked with glutaraldehyde has
exhibited enhanced thermal stability. Subhaakanta et. al.>> worked on areca fiber reinforced
polyvinyl alcohol composite prepared by injection moulding and found that 27% fiber weight
faction exhibited better mechanical property.

From the exhaustive literature review, it is found that biomaterials are the alternatives for

environmental hazardous synthetic materials. Moreover, several literatures also focused on

enhancing the behavior of PVA by cross-linking with glutaraldehyde and found that, the
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cross-linking exhibited a promising enhancement in mechanical and other properties 2% %7,

However, only limited papers are available on dynamic mechanical properties characterizations
of synthetic biodegradable materials. From these published literatures, Polyvinyl Alcohol (PVA)
is found to be the most common bio-materials in many applications. This paper focuses on the
further characterization of dynamic mechanical properties like adhesion factor, life prediction,
cross-linking density, effectiveness, and time-temperature superposition of the biopolymer with

cross-linking agent glutaraldehyde.

2. Materials and methods

2.1 Materials

Polyvinyl Alcohol and Glutaraldehyde are purchased from M/S. Leo Chem India, Bengaluru,
India. PVA (CH2CH(OH)), has a molecular weight of 85000 to 124000, with 87 to 89 degrees
of hydroxylation 28. The viscosity of 4% aqueous solution at 20 °C varies from 23 to 38 cps,
pH varies from 4.5 to 6.5 and has an ash content maximum of 0.75%. The melting point and
boiling points are 200°C and 228°C respectively. The density of PVA is 1.19 g/cm?, and
Glutaraldehyde (OHC(CH2);CHO) is a 25% aqueous solution having a density of 1.06 g/cm?.
The GA mixed in PVA for various volume fractions (Vr) 5 to 40 to analyze the effect
cross-linking on dynamic mechanical properties. The conventional casting technique is used to
prepare the biopolymer specimens of 4 mm thickness. The samples prepared are post cured for
24 hours at 60 °C using conventional air oven and then treated with 2 mole of Sulfuric acid

(H2SOy4) for 24 hours for better cross-linking.
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2.2 Mechanical properties of PVA-GA

The bending/flexural strength was evaluated according to ASTM D790 standard. Samples
were prepared with a size 12.7 mm width, 127 mm length, and thickness of 4 mm. The
experiments were conducted with a crosshead speed of 2 mm/min and a span length of 90 mm.
This bending property of PVA and its cross-linked GA polymer were evaluated based on the
average value of tests conducted on five identical samples. The dynamic mechanical properties
in temperature sweep, of a pure Polyvinyl Alcohol (PVA), and Polyvinyl Alcohol cross-linked
with glutaraldehyde (PVA-GA) were measured. Experiments were conducted using a
PerkinElmer DMA 8000 model instrument. The experiment uses a three-point bending mode
with a Nitrogen flow rate of 20 ml/min. This test is conducted at multi-frequency from 2 Hz to 20
Hz (at intervals of 2 Hz) with temperature scan from 20-180 °C at the heating rate of 2 °C /min
and strain rate of 0.050 mm on rectangular samples with a dimension of 50 x 6 x 4 mm. The
fracture surfaces of the PVA and its cross-linked samples are analyzed using Scanning Electron

Microscopy (SEM) to investigate the fracture morphology and mechanisms.

3. Results and discussion

3.1 Mechanical properties

Initially, the flexural property of the PVA material characterized to understand the effect of the
influence of GA on PVA. The percentage of GA is varied from 0% to 40% in steps of 5%, and
the corresponding variation in flexural properties is analyzed. The flexural properties were

characterized as per the ASTM D790 standard to understand the effect of GA in PVA and
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results are shown in Figure 1. As the percentage of GA increases the flexural resistance
increases drastically from 10 MPa to 26 MPa, which means relatively inflexible. It clearly
shows that there is an improvement of 2.6 times in flexural strength, by adding 30% of GA in
PVA. It is due to cross-linking the polymer network, which promotes the breaking and
re-forming of bonds can make the polymer stiffer. The flexural strain increases by adding GA
up to 15%, further it decreases. It is similar to that of work?! Graphene Oxide in PVA enhanced
the tensile strength, and this could be attributed to the existence of hydroxyl and carboxylic
groups in PVA and GO nanoparticles, respectively. The standard deviation (SD) of the flexural
strength of each combination shows the level of variation from the average strength reported
for five specimens tested. A lower standard deviation indicates that the individual flexural
strength of the test specimen tends to closer to the average strength and a higher level of
confidence in the average statistical strength reported.

For this statistical report, the maximum variation in the strength is observed at 20%. This
clearly shows that 15% GA in the PVA sample allows bending 2.1 times more than the neat
PVA. It also may be due to the re-forming of a polymer network and allow deflecting without
macro fracture 30. Deflection is more at the bottom surface of the sample compared to the top
surface of the sample. The frictional forces generated at the bottom surface are directed toward
the mid-span, so as the specimen deflects downward, these frictional forces add to the bending
of the specimen. This has a typically a small effect, but can be of concern since there is wear
on the test fixture when the specimen slides. This cylinder is placed on the V-groove tightly by

springs. The rolling supports eliminate sliding friction and reduce wear. The flexural strength

10

Emerging Materials Research 2020.9:1-13.



increases drastically by adding GA in PVA up to 30% and decreases further.

Similarly, good flexural strain behaviour exhibit by adding GA in PVA. It clearly shows
that load-carrying capacity increases with the addition of GA and the same composition
exhibits favorable bending properties and allows more deformation. This is also noticed in
literature that by adding PVA, the flexural fatigue property of composites is improved !. It also
exhibits good ductility and energy absorption capability. The optimum combinations of GA in

PVA were found to be at 30% in flexural mode.

3.2 Dynamic mechanical properties

The storage modulus of the material was measured in the dynamic condition. The energy lost
(heat, loss modulus E"), the energy recovered (elastic recovery, storage modulus E'), and their
ratio tan delta. Influence of GA cross-linking on dynamic mechanical properties such as
storage modulus, loss modulus, and tan delta is studied. Followed by the extent of GA
cross-linking on activation energy, adhesion factor and shift factor is analyzed. Further, the
analysis was carried out with a GA cross-linking effect on cross-linking density and
cross-linking effectiveness. All these factors will provide a complete characterization of PVA

for various proportions of cross-linked with GA.

3.2.1 Storage modulus
Influence of GA cross-linking and its various volume fraction on storage modulus of PVA is
shown in Figure 2. A high storage modulus means that more energy will be recovered. It is

clear that the cross-linking enhances the storage modulus of PVA significantly, with an increase

11
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in the volume fraction of GA. It is evident that the enhancement of storage modulus is
significant until 20 % GA, and further increase with GA shows a marginal improvement in
storage modulus. The variation of storage modulus with respect to temperature can be divided
into four different segments for better understanding. The four regions are I. hard plastic region,
IT leathery region, III. rubber region, and IV. liquid region. In region I, the storage modulus
reduces with an increase in temperature, but when compared to other regions, the rate at which
the storage modulus decreases with respect to temperature is marginal. This is due to the
absence of molecular mobility in the hard plastic state. The storage modulus of this region
shows similar behaviour to conventional mechanical properties which is characterized using
three-point bending (Section 3.1). The dynamic mechanical properties of PVA cross-linked GA
in the hard plastic region shows similar properties during tensile mode also?®. This is due to the
effect of decrease in molecular mobility and increases the degree of cross-linking in the hard
plastic region. This may also be due to interlinking by any means (atoms, electrons or ions)
between different long backbone chain in a polymer and is called cross-linking. This enhances
the binding chain in such a three dimensional way that, the mobility or movement, sliding,
breaking of long-chain by the external condition is prevented even at a higher temperature.
Cross-linking always enhances the storage modulus by decreasing chain mobility*> 3.
Three-point bending is the right technique to identify changes in storage modulus due to
changes in cross-linking. The variations of storage modulus with respect to temperature in
region II is similar to the region I. However, the rate at which the storage modulus decreases is

significant at higher temperature as compared to the region I in general, for all cases. In region

12
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I, it is also observed that the decrease in loss modulus associated with pure PVA is much
higher than other GA cross-linked polymer. Similarly, Jibril et al.!” also reported that the
storage modulus of neat PVA decreases drastically at around 80°C. In region II it is also
observed that the gap between the storage modulus curve of pure PVA and 5% GA widens
with increases in temperature. This clearly indicates that storage modulus increases
considerably with increasing in GA in the leathery region. The variation of storage modulus in
region III is similar to the variation in the region I and II. But, the rate at which the storage
modulus decreases with respect to increase in temperature is less compared to region 1. This is
due to the mobility of the molecules in the polymer, which creates strain hardening effect with
the improvement in the storage modulus®*. This clearly indicate that cross-linking enhances
stiffness (storage modulus) of PVA by cross-linking even at elevated temperature®>. PVA
contains hydroxyl groups (OH) '>2!, which have the potential to form hydrogen bonds between
molecules, resulting in a significant change in surface bond strength between PVA and GA
matrix. From region IV, it is observed that an increase in the volume fraction of GA increases
storage modulus even at the elevated temperature and this may be due to the reason that, PVA
is self-cross-linking due to the high density of hydroxyl groups located on its side chains. It
also clears that cross-linking results in bond formation between chains, which decreases chain
mobility. The decrease in chain mobility means that chains can't flow past one another upon
deformation of the bulk. The chain reaches its mobility limit in smaller deformations, causing
the external load to strain the chemical bonds (trying to "bend" them). In case of neat PVA

material, the modulus is driven by the difficulty of chains to flow past one another due to

13
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entanglements. Cross-links form a more rigid, non-flowing bulk compared to entanglements.
The flexural modulus increases up to 30% even at room temperature testing and further it
decreases. A high storage modulus means that more energy will be recovered even at elevated
temperature36.

By adding 5% of GA, the storage modulus increases by 1.6 times and 12.33 times at
30°C, and 86 °C, respectively. There is a considerable amount of increase in storage modulus
at elevated temperature. The same trend of improvement was observed by adding GA in PVA
as shown in Figure 2. However, 20% GA addition shows improvement in storage modulus,
which increases by 3.29 and 26.17 times at 30°C and 86 °C respectively. Further addition of
GA above 20% doesn’t show significant improvements in storage modulus for elevated
temperatures. The results shows that there is an increase in storage modulus and working
temperature by addition of GA. Pure PVA fails at less than 90°C, however, cross-linking with

GA elevates it’s operating temperature by up to 140°C.

3.2.2 Loss modulus

Similar to the storage modulus, loss modulus curves also fall into four different regions. Figure
3 shows that the cross-linking of PVA with GA significantly increases the loss modulus, and it
behaves like a storage modulus with temperature. Variations in loss modulus with respect to
increasing in temperature at different regions are observed as follows: region I — no significant
variations, region II — significant reduction, region III — reduction is not so significant, and
region IV — reduction is significant. This clearly shows that by GA cross-linking, energy loss

decreases and improves thermal stability even at elevated temperatures. This is due to the
14
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presence of glutaraldehyde as a bifunctional molecule and can react either to other PVA chain
yielding a polymer network or to available NH> group from proteins. This GA reaction most
probably involves due to the conjugated addition of protein amino groups to ethylene double
bonds of a, B-unsaturated glutaraldehyde oligomers, since the linkages formed between the
protein and glutaraldehyde are irreversible and survive extremes of pH and temperature’’=’.

As the concentration of cross-linker is increased, there is a movement of the curve
towards the lower wavenumber which is observed by Elena et al. ' using FTIR
(Fourier-transform infrared spectroscopy) this identifies the presence of H-bonding. It clears
that as the cross-linker reduces the distance between the chains by bridging between them, this
bridging leads to lower H-bonding in the material. The presence of two highly reactive alpha
protons makes glutaraldehyde more reactive and acidic in nature. The higher reactivity of
glutaraldehyde especially at higher dosages leads to a reduction in H-bonding of PVA chains.

Figure 3 shows that adding 5 % GA improves Loss modulus (E'") by 2.83 times and 11.28
times at 30 °C and 86 °C respectively. Similarly adding 20% of GA, loss modulus increases by
4.84 times and 24.22 times at 30 °C and 86 °C respectively. This shows that there is an
improvement in Modulus by adding GA up to 20% at elevated temperatures. Further variation
of E” value is not so significant with an increase in GA percentage. This improvement in loss
modulus may be due to the higher crystallinity content. When PVA is heat-treated, the supplied
energy is used to modify the spatial organization of the chains and to establish stronger
hydrogen bonding among hydroxyl groups, which leads to a higher crystallinity content. The

physical aging of PVA aqueous solutions may cause network formation because of chain

15
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entanglements, especially when the system undergoes heating and post-curing consecutively.
On the other hand, the chemically cross-linked polymer was based on the reaction between the
cross-linker and the high amount of hydroxyl groups of PVA!’. Due to this reason the
cross-linked polymer exhibit enhances in loss modulus, means energy dissipation or loss is
very less. The effect of cross-linking between the hydroxyl groups of PVA and GA is evident
that the loss modulus increases shown in Figure 3. The glutaraldehyde has reacted with the

hydroxyl groups and thus forming a cross-link.

3.2.3 Tan delta

Cross-linker effects on T, are difficult to predict, and very different effects were observed.
Dynamic mechanical analysis is a sensitive method to determine the T,. The incorporation of
GA in PVA did not show a distinct effect on Ty, although a cross-linking of the polymer. The
reason is a GA effect, which shifts the Tg to lower temperatures and acts in opposite direction
to the cross-linking effect. Further increase of the GA to 15% or more resulted in a more
distinct increase in Tg. A higher GA loading results in an increase of the cross-linking density
of the polymer and to higher T, due to decreased chain mobility. The ability of the polymer
to dissipate energy decreases as a result of the decreased chain mobility. This is reflected in a
decrease of the magnitude of tan delta which is well reproduced in results. Increasing the
cross-linking density of the polymer by increasing the GA loading enhances the storage
modulus in the rubbery region as can be also seen in Figure 2. The variation of Tan delta with
temperature is shown in Figure 4 for various percent of GA on PVA. Tan delta curves are also

divided into four regions as discussed in earlier sections.

16
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The peaks of the tan delta are observed in the regions II and III for neat PVA and II, III
and IV for cross-linked GA material. These regions quantify the way in which a material
absorbs and disperses energy. It is also observed that in the region I material tan delta increases
at a faster rate and reaches a maximum peak at the end of the region I. However pure PVA
shows maximum peak and it clearly shows maximum material loss factor in pure PVA. The
maximum value tan delta corresponding peak temperature shifting to elevated region. This is
due to the movements of the PVA chain segments thus became restrained by these
cross-linking points of GA, driving the Tg to higher values®®. For example, the sample with the
highest content of PVA showed the lowest T, and was the most flexible. The magnitude of tan
delta peak decrease with the association of GA, this may be due to the better cross-linking. In
the region II, the variations in tan delta peaks were observed, this may be due to higher viscous
up to 10% GA noticed. Further, increase in GA, the glass transition shifting to higher
temperature with wider and the slope at which tan delta rise and fall are also wider. This means
that the addition of GA in PVA the area under the curve is increasing, which means the material
loss factor decreases which are reported in many works of literature >*%%°, The area under the
curve represents energy required or stored in the material before its failure; this energy is called
Modulus of toughness. The second peak is between 119 to 121°C and shows an intimate mix
(solubility) between the GA and PVA. From this, it is evident that by adding GA in PVA, the
stability will improve even at a higher temperature. In region IV, the material loss factor once
again decreases.

The tan delta curve indicates that damping factor can be retained even at elevated

17
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temperature. From the tan delta results, it is evident that two peaks corresponding to two glass
transition temperatures are observed due to the presence of GA in PVA, which is also reported
in works of literature ***°. The cross-link increases the chain length of the PVA and GA, thus
the increase in glass transition temperature. This is also evidently observed from the FTIR
curves'®, there is a decrease in H-bonding of the adhesive with a subsequent increase in the
amount of cross-linker. A similar trend is observed for Ty, there is an increase in temperatue
with increase in the concentration of crosslinker. The crosslinking has been shown by the tan
delta curve where there is an evident shift in the peak of the curve towards the higher
temperature. This shift in peak is a representation of the transition temperature change which

has caused due to the crosslinking of PVA with glutaraldehyde

3.2.4 Adhesion factor

Adhesion factor (Ar) of a cross-linked polymer refers to the molecular mobility of the polymer
matrix. Improved adhesion between constituents of polymer reduces the molecular mobility of
the polymer chain. Adhesion factor also used to study the molecular coupling which can occur
at the interface and this helps to analyze the way that this coupling can initiate deformation and
energy dissipation in the polymer. Adhesion factor can be calculated with the help of dynamic
mechanical characterizations of PVA-GA polymer is comparison with pure PVA which is
obtained by performing dynamic mechanical analysis of the materials. The expression given by

Kubat et al.*! to calculate the adhesion factor is as follows.

( )
Adhesion factor (4,) = L " 1V ( ttangcJ J -1 (1)
—Vy\tano,

18

Emerging Materials Research 2020.9:1-13.



Where,

V¢ is volume fraction of GA in PVA.

tan dc is tan delta value of cross-linking polymer (GA)

tan Op is tan delta value of polymer (PVA)

The variation of the adhesion factor for various temperatures is shown in Figure 5. From
this figure, it is clear that initially the adhesion factor is high and there is a significant variation
in adhesion factor up to 35 °C. This can be attributed to the hard-plastic region and the absence
of molecular mobility and hence adhesion factor is high. But the magnitude of adhesion factor
increases with respect to the cross-linking percentage for GA more than 25%. As the
temperature increases, the adhesion factor decreases drastically at around 40 °C and reaches a
negative value at around 45°C. This is due to the temperature and frequency is sententious
increases up to a certain point say 40 °C the bonding between the PVA and GA are weaker due
to the viscoelastic behaviour 42. This is maybe due to the molecular stick-slip phenomena
between PVA and GA. At 50°C it reaches the lowest value, which shows weaker adhesion
between GA to PVA. However, the variation of the adhesion factor is marginal from 50°C to
80°C and magnitude of adhesion factor increases with an increase in GA cross-linking
percentage. The variation of adhesion factor of 40% GA in PVA polymer is much significant
and it shows only positive value.

This indicates by adding GA, stiffness of the polymer increases and adhesion between
two polymers is also improves **. This, in turn, maintains constant bonding factor which can

also be seen in Figures 2 & 3 in the region - I. Hence, there is a strong adhesion between GA

19
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and PVA polymers at ambient temperature.

3.2.5 Activation energy
Activation energy is the minimum energy that is required to initiate a chemical reaction.
Activation energy analysis was carried out to further understand the thermo-mechanical

response of pure PVA and PVA-GA composites.*>**

d(log f)

()

Activation Energy = AE =2.305x R x (2)

Where,

R is Universal gas constant 8.134 J/mol-K.

d(Logf) and d(1/T) is the slopes from the activation energy plot.

By substituting slope data from Table 1 (from Figure 6) in equation 2, the activation
energy was computed and noted in Table 1. The pure PVA shows 63.14 kJ/mol ** by
cross-linking the significant improvement due to the addition of GA in PVA and maximum

activation energy shows at 20%.

3.2.6 Estimation of the operating life of PVA-GA polymer

The linear relation between log f versus 1/, observed during the activation energy analysis for
pure PVA and PVA-GA polymer suggested that these material exhibit Arrhenius relationship
and that the Williams-Landel-Ferry model *’*® given below, which can be applied to determine
the shift factor.

: AE| 1
Shift factor for temperature <T, = aT = exp 7{ 7 —} 3)
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Where,

T is Test Temperature in K

R is Universal Gas Constant in KJ/mol K

T: is Room Temperature in K

AE is Activation energy in kJ/mol

The Time-Temperature Superposition (TTS) is used to determine the accelerated test
conditions to estimate the operational life of polymer and its composites since these materials
undergo time-dependent decay in properties. For example, if the properties of 20% PVA-GA
part after 10 years of operation under ambient conditions are required, then accelerated tests
can be conducted at 70 °C and 100 °C. The test duration can be computed using Equation 3 and
the shift factor is taken from Figure 7 corresponding to pure PVA and PVA-GA polymer. The
computed estimated test duration is 35 days at 70 °C and 2 days at 100 °C respectively.
Similarly, the calculation was performed for different GA percentages and results are shown in
Figure 8. From the figure, it is evident that cross-linked PVA with GA has a higher operational
life than pure PVA. As the operating temperature is higher the test duration decreases to predict
the life of the material. Figure 8 shows a testing duration concerning temperature and GA
cross-linking.

Test Duration =365 aT Y (4)
Where,

Test duration in days

oT is shift factor

21
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Y is required years of operation of the polymer at ambient temperature.

3.2.7 Crosslinking density (Mc)

The cross-linking density is determined using dynamic mechanical analysis *“*°°. In this case,
evaluations are performed under low deformations (<100 %) and M. is calculated
from experimental results. The M. is cross-link density as the inverse of the molecular volume
between cross-links for chemically cross-linked polymers is given by

M, 3RT

C

p F

)

Where

E' is Storage Modulus in GPa.

R is universal gas constant.

T is the temperature in K near Tg..

Figure 9 shows the cross-linking density of PVA-GA polymer, by adding Glutaraldehyde
the cross-linking density increases up to 25%, further it decreases and maintains stagnant
behavior up to 40%. This is also evident in storage modulus, loss modulus, adhesion factor, and
shift factor. From this, it is clear that 20 to 25% GA cross-linked polymer is stiffer than other
compositions even at elevated temperature34. This is directly related to the extent of

cross-linking, the higher the degree of cross-linking the greater the storage modulus.

3.2.8 Effectiveness
The effectiveness of cross-linking on the modulus of the polymer can be represented by a

coefficient C such as 51,52.
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C="r—— (6)

Where

E'y and E'; are the storage modulus values in the glassy and rubbery region respectively.

Higher the value of constant C, lower the effectiveness of the glutaraldehyde
cross-linking. The value of E'g and E'r is used at 30°C and 80°C in case of pure PVA, similarly
the value E’; is used at 30 °C and E'; is used at 70, 80 and 90°C of PVA-GA for better
understanding of effectiveness. The values obtained for the different cases at frequency 10 Hz
are given in Table 2. In this case, the lowest value is obtained at 15% of GA at 70°C, less than
20% GA at 80 °C. It is important to note that the modulus in the glassy state is determined

primarily by the strength of the intermolecular forces and the way the polymer chain is packed.

3.2.9 Deflection

To understand how PVA cross-linked polymer respond to bending force, the bending strain is
applied at the middle of the span length and noted the deflection over a range of temperature.
Similarly like earlier sections the deflection - temperature responses curve divided into four
regions to facilitate the analysis of the mechanical response of the cross-linked polymer. The
effect of deflection (microns) with temperature for GA cross-linking is shown in Figure 10.
Region I: negligible change in deflection, this is due to hard plastic state at a lower temperature.
So very difficult to identify the influence of GA in PVA. In region II, as the temperature

increases the energy lost from the sample, and leads to losses of its stiffness. This behavior also
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observed in storage and loss modulus plots refers to significant change. Whereas in pure PVA,
the material becomes soft at higher temperatures and further material may not sustain any load.
The softening is also observed in storage modulus and loss modulus curves in earlier sections.
It is also observed that the increase in deflection associated with pure PVA is much higher than
other GA cross-linked polymer. By adding 5% of GA the value of deflection decreases
drastically and reaches stagnant level at the end of this region. In region III, no such change in
deflection is observed it is almost constant in nature for both pure PVA and cross-linked
polymers. In region IV, the pure don’t withstand any further stain and fails to work under
dynamic conditions. By adding GA the thermal stability of PVA improved to a greater extent
and dynamic operating temperature is also enhanced. It is also observed that small variations in
the deflection curve at a higher temperature. This clearly indicates that cross-linking enhances

stiffness 34 of PVA even at elevated temperatures.

3.3 Microstructure of fractured surface
The fracture morphology of PVA/PVA-GA samples are analysed for both static flexural test
(three-point bending) and thermo-mechanical (dynamic mechanical analysis) cases.

In flexural mode, the point load is applied at the mid of the sample, and the top surface is
subjected to compression and the bottom surface is subjected to tension. So fractured images
are analyzed at the bottom surface to understand the behaviour. Figure 11 shows the fractured
images of static flexural testing. Ductile failure is observed in both 15% and 20% GA in PVA
polymers, and their fracture morphology is shown in Figure 11a) and b). This is evident in the

flexural stress-strain graph discussed in section 3.1. As the percentage of GA increases more
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than 20% the ductile fracture is converted to brittle fracture as shown in Figure 11¢) and d).
Figure 12 shows the SEM images of dynamic mechanical analyses samples. In dynamic
working condition, the samples are exposed in a loading frequency (1 to 20Hz) and
temperature (30-180°C). It is necessary to understand the morphology after the test. Figure 12
a) shows the morphology of PVA samples, small crack is observed and failure occurs within
90°C. Figure 12 b) shows the morphology of 20% GA in PVA sample and it is observed that
samples sustain the load in elevated temperature. Figure 12 c¢) shows the fractured surface of
30% GA in PVA samples, and a brittle crack was found after exposure to 180°C of working
condition. Figure 12 d) shows fracture images of 40% GA in PVA sample and brittle nature of
the failure. From these morphology studies, it is concluded that between 15 to 25% GA in PVA
exhibit ductile fracture. If GA increases to more than 25%, the ductile fracture is converted into

a brittle fracture.

4. Conclusion
The Polyvinyl Alcohol behaviour in Dynamic Mechanical Analysis with respect to temperature,
frequency and cross-linking effect of glutaraldehyde are studied and concluded that,
1. Mechanical properties studied in flexural mode exhibit better-bending properties with
excellent ductile and energy absorption behaviour at up to 30% GA.
2. Storage modulus increases with an increase in the percentage of Glutaraldehyde up to
20% at room temperature and at also elevated temperature. The Loss modulus also
improved by adding glutaraldehyde even at elevated temperature.

3. Shift factor and Activation Energy are determined to estimate the life cycle of PVA.
25
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The cross-linked polymer of all the GA cases shows enhanced behaviour and hence
the strength is found to be dependent on the composition of the cross-linking.
Equations are proposed on the Williams-Landel-ferry model, is used to predict the
testing duration for different cross-linked polymers at different working temperature.
4. Adhesion factor, effectiveness index, and cross-linking density are improved favorably
by GA addition.
5. Cross-linked polymers are important because they are mechanically strong and
resistant to heat.
From these results, it is concluded that PVA cross-linked with GA up to 20%
considerably enhances the Storage and Loss modulus, also the other properties considerably

even at elevated temperatures.
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Table 1. Slope data from Figure 6

Samples 1% Slope R? AE in KJ/mol
d(log £)/d(1/T) 1% slop

Pure PVA 3297.8 0.9096 63.143

5% 3425 0.9944 65.579

10% 3827.6 0.9666 73.288

15% 4002 0.9535 76.626

20 % 5262.3 0.9891 100.76

25 % 4359.5 0.9875 83.472
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Table 2. Effectiveness of crosslinking agent

% GA Cat70°C Cat 80 °C Cat90°C
5% 0.332 0.176 0.081
10 % 0.339 0.177 0.079
15 % 0.296 0.178 0.089
20 % 0.316 0.178 0.081
25 % 0.346 0.200 0.086
30 % 0.331 0.183 0.077
35% 0.326 0.192 0.088
40 % 0.428 0.256 0.121
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Figure 1. Flexural strength and strain for various percentage of GA in PVA
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Figure 2. Variation of storage modulus for various percentage of GA in PVA
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Figure 3. Influence of GA crosslinking on loss modulus
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Figure 4. Influence of GA crosslinking on Tan delta
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Figure 5. Influence of crosslinking percentage of GA on adhesion factor
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Figure 6. Log frequency plot for pure PVA and various percentage of GA
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Figure 7. Shift factor for time-temperature superposition (TTS) analysis
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Figure 8. Test duration in days for pure PVA and PVA-GA at different temperatures
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Figure 9. Crosslinking density of PVA-GA
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Figure 10. Effect of deflection with temperature for PVA-GA polymer

7x10* 7
&—=Pure PVA
’u,_.-a-a—u—a-ﬂ—u—i w—unPVA + 5% GA
4| v +——+PVA+ 10% GA
axlp &—4PVA+ 15% GA
PVA+ 20% GA
= +—-+PVA+25% GA
g 5x10* o o——0PVA+ 30% GA
5 w—--%PVA+ 35% GA
B »—ePVA+40% GA
B 4x10*-
E X
3
=
Z
A 3x10* 4
2x10* -
i .
Lot 4D aD (III) (IV)

rT L LTl rT = 0T " riTr LI rrT L1 i
30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 18
Temperature ( °C)

0

Emerging Materials Research 2020.9:1-13.



Accepted manuscript
doi: 10.1680/jemmr.18.00059

Figure 11. SEM images a) 15% GA in PVA b) 20% GA in PVA ¢) 30% GA in PVA and d) 40%

GAin PVA
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Figure 12. SEM images a) Neat PVA b) 20% GA in PVA ¢) 30% GA in PVA and d) 40% GA in

PVA
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