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13.1 Introduction

Nowadays, polymer-based composites are playing an important role in day-to-day
life, having applications in various fields. There is not even a single area where
polymer composites cannot be applicable (Verma, Baurai, et al., 2020; Verma,
Budiyal, et al., 2019; Verma, Kumar, et al., 2019; Verma, Negi, et al., 2019; Verma
et al., Parashar, et al., 2018a, 2018b; Verma & Singh, 2019). If we take the basic
definition of a composite, it is defined as a combination of two or more materials
designed for a specific task as per the requirement. Most composite materials are
divided into two constituents: (1) reinforcement material, which provides strength
to the material, and (2) matrix material, which binds the reinforcement material to
develop composite material. If the matrix material is polymer, then the composite is
known as a polymer-based composite. With further increase in demand for superior
materials, researchers used other constituents such as plasticizers, cross-linking
agents, coupling agents, stabilizers, and so forth to enhance the thermomechanical
characteristics of polymer composites. Furthermore, polymer composites are being
divided into two categories based on the type of polymer, that is, thermoplastic
polymer composites and thermosetting polymer composites. Thermoplastic compo-
sites can be molded into any shape by softening them at elevated temperatures and
subsequently cooling them, which results in a one- or two-dimensional polymer
structure. In the case of thermosetting polymer composites due to their highly
cross-linked structure, they are rigid and cannot be softened under high-temperature
environments (Faruk et al., 2012; Ticoalu et al., 2010). In this chapter, our major
focus is on plasticizers and cross-linking agents used in developing polymer-based
composites and their effect on the glass transition temperature of polymer
composites.
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13.2 Plasticizers and their classification

In today’s scenario, many researchers are using plasticizers as an additive to alter
the degree of plasticity/flexibility of the polymer composites (Sejidov et al., 2005).
Plasticizers, as per the International Union of Pure and Applied Chemistry, are “a
substance incorporated in material (mainly plastic or elastomer) to increase its flexi-
bility, workability, and distensibility.” Plasticizers are linear or cyclic carbon chains
having low molecular weight polymer chains ranging from 300 to 600 (Greener
Donhowe & Fennema, 1993; Wilson, 1995). Some other features of plasticizers are
their nonvolatile nature, high boiling point, and low molecular weight, resulting in
a wide range of applications such as consumer goods, constructions, packaging,
automobile, and so forth (Yesid, 2014). Due to their low molecular weight, it is eas-
ily facilitated in between the molecular chain of the polymer and results in reduc-
tion of secondary forces between the molecular chains and restructuring of the
molecular chain in three-dimension space such that amount of energy required for
the mobility of the molecular chain is minimum (Wypych, 2017). Due to restructur-
ing, a large amount of free space is present and hence ductility/flexibility of the
polymer composites increases, as shown in Fig. 13.1. The degree of plasticity
depends upon the molecular structure, function group attached, molecular weight,
and chemical composition of the plasticizer (Moreno, 1992).

Based on the processing technique, plasticizers are classified as (1) internal plas-
ticizers: these plasticizers chemically modify the polymer structure by forming
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Figure 13.1 Effect of plasticizers on the structure of polymer composites.
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certain bonds by chemically attaching to the polymer chains to increase the ductil-
ity/flexibility of polymer composites. During the process, low glass transition tem-
perature (T,) plasticizers either copolymerize or react with a high T, polymer such
that they become the integrated part of the main chain (Frados, 1976), for example,
vinyl acetate and vinylidene chloride. They lower the glass transition temperature
of overall polymer composites, resulting in a softened effect; (2) external plastici-
zers: they are low volatile materials that interact with polymer chains without form-
ing any primary bonds with the main structure. The commonly use an external
plasticizer, polyvinyl chloride in most cases, which acts as a solvent at a higher
temperature. External plasticizers are further divided into two groups based on sol-
vation capacity (Godwin & Krauskopf, 2008): (1) primary plasticizers: when the
solubility of the polymer in the plasticizer is high, it is termed the primary plasti-
cizer. It acts as the sole plasticizer forming a gel-type substance with the polymer
at normal processing environmental conditions and does not exude from the plasti-
cized material, for example, citrates, adipates, and so forth; (2) secondary plastici-
zers: they have limited solubility/gelation capacity (due to a less polar or
nonfunctional group) with the main polymer chain and therefore blend with the pri-
mary plasticizer (Chanda & Roy, 2006; Krauskopf & Godwin, 2005; Vieira et al.,
2011) to alter the properties of the parent material, for example, chlorinated paraffin
and epoxidized esters. Extenders are a special category of secondary plasticizers;
they are also incompatible with the parent polymer, extend the material, or fill out
its bulk at a low cost without causing a significant loss of flexibility, as would
occur if a solid filler is used as an extender. Examples are naphthenic hydrocarbons,
aliphatic hydrocarbons, and chlorinated paraffin (Altenhofen Da Silva et al., 2011;
Bortel, 2008). According to chemical compositing, plasticizers are classified as adi-
pate (such as DEHA and DIDA), benzoate (such as benzoate esters), energetic
(such as BTTN, DNT, and BDNPA), biobased (vegetable oils), phthalate ester
(such as DEHP, DINP, and DIDP), citrates (TOC, ATOC, and ATBC), and trimelli-
tate ester (TINTM, TIDTM, and TEHTM) (Langer et al., 2020). In this chapter, our
major focus is to study the effect of plasticizers on the viscoelastic properties such
as glass transition temperature, Young’s modulus (storage and loss modulus), per-
cent of elongation, and thermal stability of the polymer composite material in
detail.

13.3 Cross-linking agents

To improve the properties of polymer composites such as solubility, strength, ther-
mal stability, rigidity, and so forth, many cross-linking agents were used in past
few decades. A study of cross-linking was first done in 1839 by Goodyear (Datta,
2002), which investigated the cross-linked rubber structure. It was found that sulfur
cross-linked rubber had superior properties than without cross-linked rubber. In
most cases, a chemical reaction will occur between the agents and the main poly-
mer chain, which compacts the structure. It results in alteration of properties such
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as decrease in flexibility as the free space between the main polymer chains
reduces, which imparts brittleness and lower viscosity; insolubility of the polymer
composite in solvents (may absorb) due to a strongly tied structure by covalent
bonds; increased glass transition temperature (Miyazaki et al., 2010), strength, and
toughness; the thermoplastic nature may change to thermosetting; and depending
upon the crystallinity of the final structure, thermal stability may increase or
decrease. The cross-linking structure may be regular, highly irregular, tightly cross-
linked, loosely cross-linked, or highly imperfect with intramolecular loops and
many free ends, and molecules may get trapped in the network but become unat-
tached to it (Nielsen, 1969). Many of the properties depend upon the final network
of the cross-linked polymer composite; therefore, the study of their structure is an
important aspect for researchers nowadays.

Depending upon the polymer’s nature (i.e., nature may change depending on the
thermoplastic, elastomer, and thermosetting), many cross-linking techniques have
been employed by different researchers, either by polymerization of the polymer
having one or more functional groups (there may be self-cross-linking without any
use of additive or required additives) or by forming covalent bonds between the
parent polymer and cross-linking agent, as shown in Fig. 13.2, through different
techniques such as UV radiation, chemical reaction, and sulfur vulcanization
(Maitra & Shukla, 2014). There may be pre or postcross-linking, that is, they may
be partially cross-linked or can undergo time-dependent cross-linking. Therefore,
concentration, environmental conditions, and cross-linked networks play an impor-
tant role, which helps in the characterization of polymer composites. In this chapter,
our major focus will be on the study of the effect of cross-linking agents and molec-
ular weight on glass transition temperature and dynamic mechanical analysis prop-
erties of polymer composites.
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Figure 13.2 Cross-linking of polymer composites.
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13.4 Glass transition temperature

The dimensional stability of a material as a function of temperature and time is best
measured through a property known as glass transition temperature (7). T, is the
temperature at which the state of amorphous material changes from a glassy to a
rubbery state (Bandeira et al., 2015; Menard & Menard, 2020). At this temperature,
mobility of the polymer chains increases at a significant level, resulting in a change
in the thermal stability of the material. The most commonly employed techniques
for determining the glass transition temperature are dynamic mechanical analysis
(DMA) and differential scanning calorimetry (DSC). In DMA, oscillating force gen-
erates sinusoidal stress that has been applied to the composite material and sinusoi-
dal strain response has been recorded. Values such as amplitude at peak and phase
lag between two sinusoidal waves are being recorded to determine the properties
such as different modulus (storage and loss) and glass transition temperature of the
material. The behavior of the material under the sinusoidal force is of two types,
that is, Hookean or elastic behavior and Newtonian or viscous behavior. Storage
modulus, also known as elastic modulus, is defined as the amount of energy stored
in a material under the application of stress, which states the elastic nature of the
material. For elastic materials, their response is in the same phase as applied oscil-
lation stress, as shown in Fig. 13.3. Loss modulus is the amount of energy that dis-
appears under the application of stress in the form of heat. The viscous material
response of the material is out of phase. In general, the composite material shows
the viscoelastic response to the material, which resulted in phase lag between
applied stress and strain output; this phase lag represents the viscous nature of the
material.
Mathematically

Applied oscillating stresso(t) = opsinwt

where o is maximum amplitude of stress, ¢ is the time period, and w is oscillating
frequency.

Response of elastic material o = Ee

= %

where g9 = % is the maximum stain produced in the material.
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Figure 13.3 (A) Response of materials under the application of oscillating stress and (B)
relationship between storage and loss modulus.

0 t .
e(r)= ToCOST _ Eosm(wt + 7r/2)
n

where o, E, €, 7y, and 7 are stress, Young’s modulus, strain, strain rate, and viscos-
ity, respectively.

Another important application of DMA is that it measures the effect of tempera-
ture on stiffness of materials, which governs its working range in real file condi-
tions, that is, at higher temperatures, stiffness of composites decreases, leading to
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serious problems. For composite materials, variation of storage modulus concerning
temperature is presented in Fig. 13.4. In composites when the temperature is low,
polymer molecular chains are closely packed and are in a solid (glassy) state.
Under the application of load, with increase in temperature, free volume is
increased, which facilitates stretching, bending, and rotation of the molecular chain
and is represented as gamma transition (77y), as shown in Fig. 13.5. Further, with an
increase in the temperature, free volume of the material gets increased, resulting in
movement of the side chain known as beta transition (7)3); this may also be associ-
ated with movement of cross-linked/additive branch chains, as shown in Fig. 13.5.
At elevated temperatures, the composite behaves like fluid, that is, there is sliding/
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movement of main chains one over the other, also known as large-scale movement.
This transition is known as glass transition or alpha transition (7). For 100% crys-
talline material, this transition is not seen. Further increases in temperature result in
melting of the composite; the temperature at which this occurs is known as the
melting temperature (7,,).

13.4.1 Measurement of glass transition temperature

For a polymeric material, glass transition temperature becomes an important charac-
teristic. It is a point where the polymer changes its state from glassy to rubbery.
Glass transition temperature depends upon the type of polymer chain, blending
agent used, amount of cross-linking, or molecular mass. The polymer in general
changes its state over a period of temperature, that is, T, is not a discrete tempera-
ture, but it is reported as a single temperature for convenience. As it is closely
related to strength and flexibility, it becomes an important parameter for polymer-
based composites. As per modern thermal analysis, there are three standard testing
techniques available: these are DMA, DSC, and thermomechanical analysis (TMA).

In DMA, cyclic load is applied to a specimen over a predefined range of tem-
peratures at a certain heating rate. In each cycle, three mechanical properties are
calculated, loss modulus, storage modulus, and damping coefficient, over a prede-
fined range of temperatures. According to the result, the obtained glass transition
temperature can be measured as the intersecting point of the slope lines, where the
storage modulus begins to drop, that is, one from glassy plateau and other from sud-
den drop in storage modulus. It gives the lowest measure for glass transition tem-
perature. It is the highest peak temperature of the damping curve, as shown in
Fig. 13.6. In DSC thermal analysis, a small amount of sample is heated over a pre-
defined range of temperature. A curve is plotted between the amount of heat
required, that is, heat capacity and temperature. During the transition phase, a sud-
den change in heat capacity is measured, as shown in Fig. 13.6. Three tangent lines
are drawn, and three points are calculated from the data representing start point
(starting of transition phase), middle point (reported as the glass transition tempera-
ture), and endpoint (ending of transition phase). In TMA analysis, a specimen is
heated over a range of temperatures and change in dimension (length) is measured.
A graph is plotted between change in dimension and temperature. After the point of
glass transition temperature, the change in the slope of curve is seen. The intersec-
tion point of a line tangent to the initial and final slope gives the value of glass tran-
sition temperature, as shown in Fig. 13.6.

13.5 Effect of plasticizer on glass transition temperature
of polymer composites

Many researchers have been employing plasticizers to enhance the properties of
polymer-based composites. Plasticizers in general have lower glass transition
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Figure 13.6 Measurement of glass transition temperature using (A) storage modulus and
damping coefficient in dynamic mechanical analysis (DMA), (C) differential scanning
calorimetry (DSC), and (D) thermomechanical analysis (TMA).

temperatures, as compared to the main polymer chain, which results in lower glass
transition temperature with increase in ductility. Pradhan et al. (2011) studied the
effect of plasticizers on polymer nanocomposite electrolytes. The plasticizer used is
polyethylene glycol having a molecular weight of about 200. X-ray diffraction anal-
ysis shows that there was shift in polyethylene oxide peaks toward a lower angle
when a plasticizer was added. This signifies increase in interplanar spacing. DSC
results show that with increase in plasticizer content (polyethylene glycol), glass
transition temperature (midpoint value of step) and crystalline melting temperature
(peak point of melting endotherm) of composite material decrease. This decrease in
T, enhances the conductivity by facilitating the polymer chain motion at low tem-
peratures. A similar type of results has also been obtained by other researchers,
which use ethylene carbonate, polyethylene glycol, propylene carbonate, and so
forth as plasticizers to enhance the conductivity of polymer electrolytes (Kumar &
Sekhon, 2002; Tsutsumi et al., 1998). The main aim of using a plasticizer is to
decrease the T,, which signifies increase in amorphous content and a tendency of
dissociating ion pairs into free cations and anions, which enhances the overall
conductivity.

With growing environmental issues, researchers also shift toward the use of bio-
based plasticizers such as vegetable oils (Hosney et al., 2018; Sirqueira et al.,
2009). In 2021, Ferreira et al. (2021) studied the rheology of ethylene-vinyl acetate
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and styrene-butadiene-styrene blend with a cashew nutshell liquid plasticizer. As
per the morphology study, the addition of a plasticizer results in a decrease in the
domain size because of the interfacial action of the plasticizer. On the other hand, a
bioplasticizer does not have any significant effect on storage modulus. Alamri et al.
(2020) enhanced the ductility of poly (L-lactic acid) (PLLA) with the help of triace-
tin (TA) and glycerol monostearate (GMS) as plasticizers. Sample preparation was
done with the help of the solution casting method at different weight percentage
ratios of GMS/TA (25%:75%). As per DSC results, the T, of neat PLLA is about
61°C, whereas with increase in GMA/TA content from 15 to 30 wt.% T, of the
blend decreases from 61°C (neat PLLA) to 23°C (30% GMA/TA). There is no such
significant change in 7,, temperature of the bioplastic. The ratio of crystallinity of
bioplastic also increases with increase in the plasticizer content from 8% to 39%.
All these results indicate that plasticizers increase the free space, which also
improves the % elongation of bioplastic to 40 times that of neat PLLA.

Song et al. (2021) studied the effect of polyphosphoric acid (PPA) and plastici-
zers on asphalt. Different plasticizers were used to improve the low-temperature
flexibility in asphalt such as dioctyl maleate. At the temperature of about 76°C, the
storage and complex modulus of virgin asphalt was nearly zero. On the other hand,
addition of PPA increases the thermal stability (both storage and complex modulus)
of the asphalt by 405% and 536% at temperature of about 58°C. Thermal stability
increases with increase in PPA content up to 2%, which is because protonic acid in
PPA reacts with asphalt and converts it to asphaltene (i.e., from gel-solution struc-
ture to higher macromolecular content and strong interactions). In contrast, addition
of a plasticizer reduces the complex and storage modulus of asphalt by 67.92% and
62.26% at 58°C for dioctyl phthalate and trioctyl trimellitate, respectively. The
addition of PPA improves the thermal stability of plasticizer-modified asphalt.
These results conclude that high temperature performance of asphalts in the pres-
ence of PPA transformed the resin into asphaltene, which results in function group
reaction in asphalt.

Kawai and Hagura (2012) studied the rheology behavior of plasticized carbohy-
drate (dextrin) polymer systems by investigating heterogeneous and discontinuous
glass transition temperatures. In this investigation, glucose and maltose were taken
as the plasticizer and their effect on glass transition temperature on low molecular
weight carbohydrate (dextrin) was studied. The DSC result of dextrin shows the
endothermic peak at 198°C (T,). Plasticizing of dextrin with glucose results in low-
ering the glass transition temperature. Moreover, as the content of glucose increases
and reaches an equal content of dextrin, the glass transition temperature range
becomes broader, which signifies the multiple T,. When the content of glucose fur-
ther increases, then a sudden drop in DSC graphs was observed, that is, shift from
broad T, to distinctive T,. A similar type of behavior was observed when dextrin
was plasticized with maltose. As per the DSC thermograph, the T, behavior of
carbohydrate-glucose and carbohydrate-maltose was divided into three regions:
Region A, where the plasticizer has been trapped between polymer chains, resulting
in lower glass transition temperature of the plasticizer carbohydrate system; Region
B, where two phases were formed that are plasticizer—polymer phase and
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plasticizer-rich phase. Firstly, T, occurs in the plasticizer-rich phase and then in
plasticizer—polymer phase, resulting in a broad range of glass transition tempera-
tures; and Region C, where the plasticizer surrounds the polymer—plasticizer phase
completely such that the polymer is embedded into the plasticizer. Therefore, a dis-
tinctive T, has been observed, which is similar to T, of a pure plasticizer.

13.6 Effect of molecular weight on glass transition
temperature

The work of Fox and Flory (1950) states that glass transition temperature is a sec-
ond order transition that does not come under thermodynamic transition. T, origi-
nated from kinetic limitations that occurred due to internal adjustments of the
polymer chain due to temperature change. Another important factor that affects the
glass transition temperature of polymer composites is molecular weight. With
increase in molecular weight, the amount of free space available is less as compared
to low molecular weight polymer composites. Therefore, T, increases with increase
in molecular weight. Mathematically, the relation between glass transition tempera-
ture and molecular weight of a polymer, as given by the Fox—Flory equation, is

T, =Ty, — K/M,

where

T, is the glass transition temperature of the polymer in Kelvin

M,, is the molecular weight of the polymer

T, is the glass transition temperature for an infinite molecular chain composite
in Kelvin

K is a constant

This mathematical model shows a linear increment in T, with increase in molec-
ular weight. This relation may not hold well for low molecular weight (Clarson
et al., 1985) such as polydimethylsiloxane, which shows a slightly higher T, with
decrease in molecular weight.

Beevers and White (1960) studied the effect of the molecular weight of poly-
methylmethacrylate on its glass transition temperature. The average molecular
weight of polymethylmethacrylate is found to vary between 3000 and 76,000
through the free radical polymerization technique. The refractometric technique has
been employed to determine the glass transition temperature of polymethylmetha-
crylate. The result shows that the abovementioned linear relation shows optimum
fit for infinite molecular weight glass transition temperature of about 387K and con-
stant value of 2.1 X 10° K.mol/g for molecular weight above 10* mol/g. The math-
ematical expression is represented as

T(K) =378 — 2.1 X 10° /M,
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Blanchard et al. (1974) investigated the influence of molecular weight on glass
transition temperature of polystyrene. Molecular weight of polystyrene varied from
900 to 1.8 X 10° mol/g. The DSC technique was employed to determine the glass
transition temperature. After plotting the curve between T, and 1/M,, it was found
that the best fit was obtained for the T, value of 106°C and K of 0.1 X 10°°C.
mol/g. The final empirical relation obtained is

T,(°C) = 106 — 2.1 X 10° /M,

As per Blanchard et al. (1974), other than molecular weight, the heating rate also
plays an important role in determining the glass transition temperature. In their exper-
iment, the heating rate has been varied from 5°C to 80°C/min. Results show that 7,
was higher for the higher heating rate. The mathematical relation is represented as

logg=A —B/T,

where ¢ is the heating rate and A and B are constants.

Oguz et al. (2017) studied the effect of molecular weight on polyethylene oxide-
based polyurethane—urea copolymers (PUUs). PUUs were synthesized by the pre-
polymer method, and polymer films were prepared through the solution casting
method. Three samples consisting of PEO-200, 4600, and 8000 with urethane at
30 wt.% were prepared. Three films have 100000 (PU-2), 232000 (PU-5), and
309000 (PU-8) g/mol ' average molecular weights. Results show that with increase
in molecular weight, glass transition temperature of films increases. PU-2 has T, of
about —57.2°C, PU-5 has —51.9°C, and PU-8 has —48.9°C.

Novikov and Rossler (2013) studied the correlation of molecular mass and glass
transition temperature of the polymer and nonpolymeric glass formers. Their studies
focus on the glass transition of molecular glasses and their correlation with molecu-
lar mass (M). Previous studies show that T, =~ 2T7,/3, where T, depends upon
Debye frequency, intermolecular distance, and molecular mass. As per their investi-
gation one parameter, that is, molecular mass, is a major notable factor for molecular
glasses. In the case of a polymer, the relation between molecular mass and T, mathe-
matically is represented by the Fox—Flory equation, but it fails at low molecular
masses. The end free group introduces free volume, which tends to decrease the 7,
and saturation of T, at a larger value of M, as shown in Fig. 13.7, where the free vol-
ume effect is ignored. After conducting different experiments, 7, vs M plots for
molecular and nonpolymeric glass are plotted. A correlation between T, and M was
obtained and described by power law T,(M) = Ma, where o = 0.51. A similar corre-
lation was found for the melting point where o = 0.43. Similar types of experiments
were also performed on mono- and polyalcohols, alkanes (the number of C atoms
not greater than 10), and aromatics. Correlation between T, and 7, (scale down to
2/3 factor) with molecular mass shows a similar power-law exponent of about
0.54—0.8. In next analysis, they compare the dependence of 7, with M, at higher
values of M for molecular glasses and some linear polymers. At a higher value of
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molecular mass, the value of glass transition temperature becomes constant for most
of the linear polymers. However, some linear polymers such as polydimethyl silox-
ane and polystyrene show almost similar behavior as compared molecular glass.
Moreover, experiment data obtained has been fitted into the Fox—Flory model and
Ueberreiter—Kanig model for polystyrene. The Ueberreiter—Kanig equation is

1
Ty

1 K
=_ 4+ =
Teoo N
where K is a constant, and N is the polymeric index.

The Fox—Flory model is not able to fit the data at lower molecular mass and
best suited for intermediate value of M. The Ueberreiter—Kanig model shows opti-
mal fit for all ranges of molecular mass.

13.7 Effect of a cross-linking agent on glass transition
temperature

Cross-linking of the polymer chain also affects the glass transition temperature of
polymer composites. The main reason behind the cross-linking of a polymer is the
enhancement of the mechanical thermal and physical properties of polymer compo-
sites. The cross-linking of the main polymer chain is restricted, which increases
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glass transition temperature, makes the damping peak wider, and leads to decrease
in the peak value, as shown in Fig. 13.8, and increase in storage modulus of poly-
mer composites. Other than that, in the case of thermoplastic composites, cross-
linking agents may act as plasticizers by coming up in between the main polymer
chain. This results in two transitions: one is associated with the moment of a side
chain, also known as beta transition (73); a cross-linking agent acts as a plasticizer,
and a peak-related large-scale movement of the main polymer chain is observed.
Gadhave et al. (2019b) studied the effect of an epoxy silane cross-linker on the
thermal-mechanical properties of starch/polyvinyl alcohol (PVA) blend films. -Si-
OH groups of silica do not easily react with -OH groups of starch and PVA even at
higher temperature (Hill et al., 2004). Therefore, hydrolyzing of alkoxy groups is
done to activate the -Si-OH group to improve interaction with -OH groups of starch
and PVA. The DMA result shows that the tan 6 peak, which represents the glass
transition temperature, shifted toward higher temperature for those blends which
were cross-linked with epoxy silane. Jain et al. in 2019 characterized the polyvinyl-
based biocomposites cross-linked with hydrochloric acid. The reason behind the
cross-linking is to restrict the solubility of PVA (due to presence of the -OH group).
Cross-linking is done through dehydration, where the -OH group of PVA is
replaced with Cl of hydrochloric acid, and esterification, where C-OH bonds of the
same and different PVA chains react with two HCI to form -C-O-C- bonds. DMA
results show two peaks in the tan ¢ curve. The intensity of the second peak, which

represents the glass temperature, decreases, and due to cross-linking, it is shifted
toward a higher temperature side.

Gandhave et al. (2019a) improved the thermal and mechanical properties of
different PVA grades (PVA-PH 88%—89% degree of hydrolysis), PVA-FH
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Figure 13.8 Effect of cross-linking agents on the damping coefficient measured in DMA

analysis.
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(97%—99% degree of hydrolysis), and modified PVA-M (97%—99% degree of
hydrolysis) through cross-linking by boric acid. The DSC technique is employed to
determine the glass transition temperature. PVA-FH has higher T, as compared to
PVA-PH and PVA-M due to a high degree of hydrolysis, which results in a high
crystalline structure. With increase in the cross-linking agent content in PVA films,
T, values increase for all three cases. Moreover, with increase in cross-linking, the
molecular weight of the films also increased. Therefore, cross-linking results in a
larger chain structure, as compared to the precross-linked structure.

Bandzierz et al. (2016) studied the glass transition temperature of different
cured elastomers to investigate the effect of cross-linking on polymer networks.
In their work, different cross-linking agents such as tetramethylthiuram (TMTD),
dicumyl peroxide (DCP), tetrabenzylthiuram disulfide (TBzTD), N-cyclohexyl-1-
benzothiazyl sulfenamide (CBS)/rthombic sulfur (Sg), ZDT (2-ethylhexyl zinc)/
Sg, DPG (1,3-diphenylguanidine)/Sg, MBTS (2,2'-dibenzothiazyl disulfide)/Sg,
and vulcuren were used to cure styrene-butadiene rubber (SBR). A cross-linking
agent results in different types of intermolecular cross-links such as C-C cross-
links; cyclic sulfur structure; sulfidic cross-links; and pendent groups. Results
show that curing through different agents results in a diversified cross-linked
structure. Curing with DCP results in C-C cross-links; curing with TMTD results
in C-C and monosulfidic cross-linking; curing with TBzTD results in monosulfi-
dic cross-links; curing with vulcuren results in C-C and disulfidic cross-links;
and curing with DPG, CBS, ZDT, and MBTS with Sg results in polysulfidic and
disulfidic cross-links as a major portion. All cross-linked SBRs have higher glass
transition temperatures as compared to neat ones. Moreover, with the increase in
the cross-linked density value of T, linearly due to restriction in the mobility of
the main chain. For single-component curatives, the increase in the value is
lower.

Zhang et al. (2011) studied the effect of cross-linking agents on glass transition
temperature of shape memory polymers (SMPs) based on styrene thermosets. In
their work, polymerization of SMP is done through free radical reaction with butyl-
acrylate and styrene as comonomers. Divinylbenzene was used as the cross-linking
agent. Results show that both storage modulus and T, increase with increase in
cross-linking content from 1 to 4 wt.%. Moreover, with increase in cross-link con-
tent, there is decrement in the peak value; the peak becomes wider and relaxation
activation energy also increased by 48.6%. The authors have a notable experience
in the polymer composites field and computational mechanics (Arpitha et al., 2021,
2022, Bharath et al., 2020, 2021; Bisht et al., 2021; Chaturvedi et al., 2022, 2022a,
2022b, Chaudhary et al., 2022a, 2022b; Chaurasia et al., 2019; Deji et al.,
2022a,b,c,d; Homer et al., 2022; Jain et al., 2019; Kataria et al., 2022a, 2022b; Lila
et al., 2022; Prabhakaran et al., 2022; Raja et al., 2022; Rastogi et al., 2020; Sethi
et al., 2022; Shankar et al., 2022a, 2022b; Singh et al., 2020; Thimmaiah et al.,
2022; Verma, 2022; Verma et al., 2017, 2018, 2019a, 2019b, 2019¢c, 2019a, 2019b,
2019d, 2020a, 2020b, 2020a, 2020b, 2020c, 2020d, 2020e, 2021a, 2021b, 2022a,
2022b, 2022c, 2022d, Verma & Parashar, 2017, 2018a, 2018b, 2018, 2020; Verma
& Sharma, 2022; Verma & Singh, 2016a, 2016b, 2016).
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