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Abstract Blends containing PVC and aramid (Ar) matri-
ces were probed for their miscibility. In this respect, Ar
chains were synthesized by aromatic diamine and diacid
chloride in amide solvent. The Ar thus synthesized was
characterized through Fourier transform infrared (FTIR)
spectroscopy and molecular weight determination. Blend
system Ar/PVC was investigated over a range of Ar/PVC
ratios. Their mechanical profiles in terms of maximum
stress, maximum strain, toughness, and initial moduli have
been explored. Thermal properties and morphology of the
blends were estimated using thermogravimetric analysis
(TGA), differential scanning calorimetry (DSC), and
scanning electron microscopy (SEM). A good correlation
was observed between thermal, mechanical, and morpho-
logical properties of the blends. The presence of hydrogen
bonding among polymers was evaluated through FTIR
spectroscopy, which is believed to be responsible for the
blend miscibility. Optimal thermal and mechanical profiles
were depicted by the blend containing 40-wt% PVC in the
Ar matrix.
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Introduction

Polyvinyl chloride (PVC) plays an important role in the
plastic industry and is one of the most versatile thermo-

plastics, but it must be combined with a number of
additives before processing. The addition of plasticizers to
a PVC formulation decreases many mechanical properties
such as hardness, tensile strength, modulus, etc. of the PVC
product; however, low temperature flexibility, elongation
and the ease of processing are all improved [1]. Therefore,
it is imperative to augment thermal stability and process-
ability without deteriorating mechanical properties. PVC is
known for its efficiency to form miscible systems with
several other low and high molecular weight substances
acting as plasticizers. In both cases, specific interaction
through hydrogen bonding between the blend components
is suggested to be the basis of miscibility [2–4]. Both melt-
mixed [5] and solution cast [6] blends have been explored
to display a single glass transition temperature (Tg) lying
between that of blend constituents. Polymer blending has
been reported to have a great impact on the thermal
stability [7–12]; several researchers have shown that
compatibility between two components in a binary blend
is one of the decisive factors that determine the thermal
stability of polymer blends [13–16]. Varughese [7] reported
that the blending of epoxidized natural rubber (ENR) with
polyvinyl chloride reduced the rate of HCl elimination in
the first degradation step of PVC. The blending of a
polymer with other polymers has stabilizing and destabiliz-
ing effects. In miscible polymer blends, there are often
specific interactions between groups or polymer segments
that lead to a decrease of the Gibbs free energy of mixing
[17]. Hydrogen bonding has great potential for controlling
macromolecular assembly and organization [18–20].
Hence, hydrogen bonding has been used for improvement
of the polymer–polymer compatibility and the formation of
macromolecular aggregations [18–23]. PVC has a serious
drawback in that it degrades under processing and end-use
conditions, accompanied with discoloration and deteriora-
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tion of its mechanical properties. The thermal degradation
of PVC during processing is well known to be caused by
the liberation of hydrogen chloride at the labile sites of the
PVCmolecular chain [24–27]. To improve processability and
thermal stability during molding and practical use, various
stabilizers, lubricants, and impact modifiers are added to the
PVC.

The aim of the present study is to prepare polymer
blends by combination of tuning the balance of inter-
actions and macromolecular composition. For this pur-
pose, an aramid (Ar) matrix has been synthesized by
solution polymerization of 4,4′-oxydianiline (ODA) and
isophthaloyl chloride (IPC) in N,N-dimethylacetamide
(DMAc) solvent. The synthesized aromatic polyamide
served as a constituent in the subsequent PVC/Ar blends.
Blend compositions have been varied over a range of Ar
and PVC ratios to monitor the morphology, thermal, and
mechanical profiles of the system. Improvement of
thermal, mechanical, and morphological behaviors have
been perused because of hydrogen bonding operating
between the hydrogen atom of PVC and carbonyl group
of polyamide, thus rendering the miscibility of two
matrices.

Experimental section

Materials and methods

Polyvinyl chloride (PVC) with molecular weight 100,000
was supplied by BDH and used after drying under vacuum
at 40°C for 24 h. N,N-dimethylacetamide (DMAc) anhy-
drous was obtained by the courtesy of Aldrich. The
monomers used for the preparation of Ar, 4,4′-oxydianiline
(ODA), and isophthaloyl chloride (IPC), were procured
from Fluka and used as received.

Synthesis of Ar matrix

Ar was synthesized by the solution polymerization of
aromatic diamine and diacid chloride under anhydrous
conditions. 4,4′-oxydianiline (ODA) was dissolved in
DMAc as a solvent under an inert atmosphere. After
complete mixing, stoichiometric amount of IPC was added
giving highly exothermic reaction, hence, to avoid any side
reactions, the contents were cooled to 0°C. Solvent
employed for low temperature poly-condensation reaction
leading to Ar was DMAc. For the solution polymerization
of aromatic polyamide, however, no organic solvent is
sufficiently powerful to keep the polymer in solution as the
molecular weight of the polymer builds up. So, amide
solvent such as DMAc with a small amount of HCl is
considered a better solvent than amid alone. The DMAc
and HCl (produced during the polymerization reaction of
diamine and diacid chloride) furnish the desired salt–
solvent combination with increased solubility for Ar.
Moreover, HCl salt concentration increases as the polycon-
densation proceeds, thereby, enhancing the solvating power
of the solvent as the molecular weight of the polymer builds
up. Although reaction between diamine and diacid chloride
is extremely fast, however, further 24 h were given to the
reaction for its completion. The reaction mixture was highly
viscous and golden yellow in color. The chemical reaction
leading to the formation of aromatic polyamide is presented
in Scheme 1.

Blend preparation

Different proportions of PVC were blended with Ar matrix
giving Ar/PVC blends. Blend samples were obtained by
solution mixing using DMAc as solvent. Component
polymers, weighed to desired composition, were dissolved
in the solvent and stirred until the solution became clear.
Subsequently, the solvent was evaporated on petri dishes at
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Scheme 1 Synthesis of aromat-
ic polyamide (Ar)
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60°C. Films were washed repeatedly with distilled water for
the removal of HCl produced during polymerization
reaction. Before characterization, films were dried at 80°C
under vacuum for 72 h.

Characterization

The Fourier transform infrared (FTIR) study was carried
out on thin films by using Excalibur Series FT-IR
Spectrometer, model no. FTSW 300 MX manufactured
by BIO-RAD. One hundred scans at a resolution of
4 cm−1 were signal averaged. Stress–strain response of the
blend samples with (ca 14×5.4–8.0×0.25–0.62 mm)
dimensions was monitored according to Deutsches Institut
Rir Normung (DIN) procedure 53455 having crosshead
speed of 5 mm/min using Testometric Universal Testing
Machine M350/550. Standard procedures and formulae
were applied to calculate various tensile properties includ-
ing stress, strain, initial modulus, and toughness. Tensile
behavior of the samples was determined by plotting these
stress–strain values using software origin 5.0 [28]. For
phase morphological studies, samples were cryogenically
fractured in liquid nitrogen, and the morphology of the
blends was investigated with LEO GEMINI 1530 scanning
electron microscope (SEM). Thermal stability of the blends
was determined using METTLER TOLEDO TGA/SDTA
851e thermo gravimetric analyzer by using 1–5 mg of the
sample in Al2O3 crucible heated from 25 to 900°C at a
heating rate of 10°C/min under nitrogen atmosphere with a
gas flow rate of 30 ml/min. In order to obtain glass
transition temperature differential scanning calorimetry
(DSC) was performed using a METTLER TOLEDO DSC
822e differential scanning calorimeter, samples of 5–10 mg
were encapsulated in aluminum pans and heated at a rate of
10°C/min under nitrogen atmosphere. To determine the
weight average molecular weight <Mw> of aromatic
polyamide, static laser light scattering (LLS) technique
was employed using an ALV-SP81 laser Goniometer, which
consists of a 20-mW uniphase He/Ne-Laser (1o=633 nm)
and an ALV-5000 digital correlator; Langen, Hessen
(Germany).

Results and discussion

Polymeric blend compositions using Ar and PVC prepared
by solution blending technique were pinkish in color. The
mechanical properties were measured at 25°C, and the
average value was obtained from five to seven different
measurements in each case has been reported. For the sake
of better interpretation of results, the blend compositions
were divided into two systems.

Laser light scattering

Light scattering is the absolute method for the determina-
tion of molecular weights. Static laser light scattering (LLS)
measurement was performed on aromatic polyamide to
determine the weight average molecular weight <Mw>. The
sample was kept at constant temperature (20°C) during the
experiment. Solution for light scattering prepared in DMSO
was preliminarily filtered using a 0.45 μm Millipore Teflon
syringe filter, to eliminate the impurities and dust. Then, the
light intensity scattered from the clarified solution at
different scattering angles was measured. For static LLS,
the instrument was calibrated with toluene to ensure that
there was no angular dependence of the scattered light from
toluene. The details of the LLS instrumentation and theory
can be found elsewhere [29, 30]. The weight average
molecular weight <Mw> of the synthesized Ar was
determined to be 9.18×104 g/mol (± 3%) which is
indicative of fairly high molecular weight aromatic poly-
amide. The Ar thus obtained was employed in the
preparation of various blend compositions.

FTIR spectroscopy

The structure of synthesized Ar was characterized by using
FTIR spectroscopic analysis. The peaks above 3,260 cm−1

show the N–H stretching, and those at 3,125 and
3,056 cm−1 correspond to the aromatic C–H stretching
vibrations, while peaks in the region of 1,600 to 1,635 cm−1

were attributed to the clusters of C=O groups. The
broadening of the peak indicated the C=O in different
environments, i.e., amide C=O both free and hydrogen
bonded. The group of closely related peaks at 1,500 cm−1

were ascribed to aromatic C=C stretching, and the sharp
peak at 1,318 cm−1 represented –C–O–C– linkage (Fig. 1).

In the FTIR spectra of Ar/PVC blends of various
concentrations, the major peaks observed were in the
range of 1,600–1,690 cm−1 for carbonyl stretching and
1,500 cm−1 for aromatic C=C stretching in Ar chains.
Peaks at 1,231–1,321 cm−1 may be credited for C–H (H–
C–Cl) in PVC chains. The peaks in region of 600 to
700 cm−1 indicate the C–Cl stretching. Blend spectra
clearly reveal that by increasing the amount of PVC in Ar
/PVC blends, the height of the absorption peaks for C=O
stretching (1,600–1,690 cm−1) was decreased and broad-
ened. This flattening and decrease in the height of
absorption peak approved the hydrogen bonding between
the C=O of amide and hydrogen of PVC (Fig. 2). In the
FTIR spectrum of pure Ar, there was no peak for aliphatic
C–H stretching. Similarly, the FTIR spectrum of the PVC
had no aromatic C–H stretching, while in the blend
spectra, both aromatic and aliphatic C–H peaks were
present, demonstrating that PVC chains were incorporated
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Fig. 2 FTIR spectra of Ar/PVC
blends with varying PVC
compositions

Fig. 1 FTIR spectra of a
Aramid and b PVC
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into the chains of Ar. Furthermore, in the blend spectra,
variation in the position and intensity of C–Cl peaks
supported the existence of hydrogen bonding which
rendered Ar /PVC blend miscible.

Mechanical testing

A relative investigation of mechanical properties of Ar/
PVC and PVC/Ar blends was carried out, and the data from
mechanical testing of blend systems is given in Tables 1
and 2, respectively.

In one endeavor, dispersion of 0 to 50 wt% PVC in Ar
matrix resulted in Ar/PVC blend films which were pinkish
in color and color intensified with increasing amount of
PVC. The stress–strain isotherms for these blended poly-
meric materials are given in Fig. 3. Values of the moduli
integrated from the stress–strain data displayed that the
maximum value of modulus (2,299 MPa) corresponded to
40 wt% PVC contents in the Ar matrix. The maximum
stress was found to increase initially with increase in the
PVC contents and, at 40 wt% PVC, exhibited a maximum
value of 96 MPa relative to the neat Ar (70 MPa) and neat
PVC (10 MPa), which is indicative of improvement in
tensile strength (Fig. 3). The incorporation of Ar reinforces
the PVC matrix, depicting the observed enhancement in the
tensile strength compared to neat PVC. Maximum strain for
blends increased with PVC contents along with slight

variation in the results (Table 1). The mechanical profile
demonstrated an increase in tensile properties up to 40wt%
PVC, followed by a gradual decrease. The improvement in
the mechanical properties is presumably from the compat-
ibility between polyamide matrix and PVC chains. The
mechanical profile of the various blends illustrated that the
miscibility of two polymers was maximum when Ar and
PVC were mixed in 60:40 ratio because the blend of this
composition demonstrated enhancement in the mechanical
properties, i.e., the stress, toughness, and modulus values of
the blend were optimum vs rest of the Ar/PVC blend
compositions. Maximum interaction between Ar and PVC
can be achieved when PVC chains are fully dispersed
homogenously throughout the matrix. In this case, the
optimal concentration of PVC was 40wt % in the Ar
matrix. The improvements in the tensile properties of the
blends are accredited to the intermolecular forces. Hydro-
gen bonding is believed to enhance the mechanical
properties of two polymers by operating between the
hydrogen atom of PVC chains and carbonyl group of
polyamide, thus rendering the miscibility of two matrices.
The presence of hydrogen bonding also dispenses negative
free energy of mixing thus facilitating miscibility, hence,
engendering better mechanical properties (Fig. 4).

For PVC/Ar system, blends were prepared by variations
in the concentration of PVC from 50 to 100wt% PVC, and
films thus obtained were subjected to tensile measurements.

Table 1 Mechanical data of Ar-PVC blends

Percent
PVC

Maximum stress Maximum
strain

Modulus Toughness
(MPa) (MPa) (MPa)
±0.03 ±0.03 ±0.02 ±0.50

0 70.37 1.00 2288.97 62.00
10 31.23 2.64 709.47 64.19
20 33.88 2.34 798.54 58.66
30 39.81 2.34 1145.52 84.21
40 96.61 1.73 2299.06 159.53
50 29.12 3.33 327.89 74.28
100 10.20 2.52 531.80 22.52

Table 2 Mechanical data of PVC-Ar blends

Percent
PVC

Maximum stress Maximum
strain

Modulus Toughness
(MPa) (MPa) (MPa)
±0.03 ±0.03 ±0.02 ±0.50

100 10.20 2.51 531.80 22.52
90 22.40 1.50 1110.15 27.95
80 26.91 2.84 894.02 65.88
70 19.38 2.84 154.84 39.47
60 19.38 2.84 109.48 39.56
50 29.12 3.33 327.89 74.28
0 70.37 1.00 2288.97 62.00
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Variations in tensile strength of PVC/Ar blends with
increase in Ar contents are illustrated in Fig. 5 and Table 2.
Tensile modulus demonstrated initial increase and subse-
quent decrease with the addition of Ar to PVC (Fig. 5). The
stress increased up to 26.91 MPa for 80wt% PVC and then
gradually decreased with decrease in the addition of PVC
(Table 2). The stress values observed in all PVC/Ar blend
samples were greater than neat PVC but smaller than virgin
Ar. Fig. 5 displays an increase in the length at rupture of
blends relative to both neat Ar and PVC. Table 2 depicts the
variation of the toughness as a function of PVC in Ar. Up to
80 wt% of PVC addition, the regularly arranged polyamide
chains were distributed irregularly, and so, the entropy of
system increased and resulted in the stable blends. Below
80 wt% PVC, further increase in the entropy was not

possible, and so, the miscibility decreased, and phase
separation occurred, which resulted in the decrease of the
mechanical properties.

In essence, toughness and mechanical properties of the
Ar/PVC system have improved significantly compared to
the PVC/Ar system. This trend may be explained in terms
of the plasticization effect. PVC/Ar blends displayed a
significant reduction in mechanical profile owing to the
inefficient stress transfer across the interface.

Microscopy

The shape and homogeneity of dispersed phase was
analyzed by SEM of cryo-fractured surfaces. Fig. 6a–d
demonstrates the micrographs of fractured surfaces from 30
to 40 wt% Ar/PVC blends possessing optimum thermal and
mechanical traits. Microscopic results are in good compli-
ance with the thermogravimetric studies. The drastic
reduction in Tg of Ar/PVC blends is suggestive of single-
phase morphology. Owing to the specific interactions in Ar/
PVC blends, sufficient compatibilization is allowed to
engender small-phase domains (Fig. 6), whereas improved
morphological properties are characteristic of good interfa-
cial cohesion through specific interactions. In this case, H-
bonding operates between blend components to diminish
phase size thus rendering miscibility. Validation of this
assumption is rationalized through the presence of specific
interactions (H-bonding) between matrices (Fig. 4) which
proves useful in predicting stability. A strong correlation
between thermal and morphological behaviors is accredited
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Fig. 5 Stress–strain curves of PVC/Ar blends

Fig. 6 SEM micrographs of Ar/
PVC blends: a–b 30 wt% PVC;
c–d 40 wt% PVC
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to the profound effect of a stabilized morphology; further
reinforced by the enhanced mechanical properties of the
compositions under consideration. A uniform dispersion of
blend constituents is revealed from the appearance of
morphology exhibited in micrographs, and the continuous
phase morphology (Fig. 6) is an evidence for a good
interfacial cohesion. These results are also in conformity
with the mechanical property profile. In short, a uniform
and stable morphology is traced by virtue of strong
interactions between the matrix and dispersed phases,
which tend to promote miscibility resulting in enhancement
of thermal and mechanical facades.

Thermal stability

In assessing the miscibility effect on the thermal properties,
percent weight loss and Tg values were selected as
representative traits. The thermal degradation temperatures
of PVC/Ar blends were determined using thermogravimet-
ric analysis. From the TG curves of 30 to 40 wt% PVC
blends presented in Fig. 7, weight losses at different
temperatures and the temperature at maximum rate of
degradation (Tmax) were determined. Table 3 gives the
percent weight loss of the specimen that remained at four
selected temperatures viz, 400, 420, 440, and 460°C. In
both blend samples, a gradual increase in weight loss can
be noticed (at 400 and 420°C) indicating their thermal
stability, whereas, at 440 and 460°C an appreciable change
in weight loss was observed. But it should be emphasized

that the weight loss at all selected temperatures for both
blends was comparable. The temperature at maximum rate
of degradation (Tmax) has been employed to evaluate the
relative thermal stability of blends. The Tmax was found to
be 783 K for 40 wt% PVC blend, which is even higher than
the corresponding 30 wt% PVC blend (776 K); so, as the
concentration of the PVC phase in the blend decreases, the
thermal stability of the blend also decreases. From Table 3,
it can be seen that both blend compositions exhibit one
Tmax corresponding to the degradation, which is a direct
indication of high miscibility and compatibility of the PVC
Ar blends. Subsequently, the additional evidence for the
mutual stability of Ar/PVC blends is available from the
DSC thermograms shown in Fig. 8. Glass transition
temperature of 100 wt% PVC is 74°C as reported earlier
[35]. For both compositions, blends exhibit only a single Tg
corresponding to the cooperative segmental motion of the
molecular chains. This recommended single phase mor-
phology in these PVC/Ar blends. Blends exhibit a shift to
higher Tg value as PVC content increases. It is quite
evident from solitary Tg value of blends, intermediate
between the Tg of individual components, that the blend
systems are compatible (Table 4). In brief, electrostatic
interactions have been considered to explain the miscibility
in polymer blends. In miscible blends involving PVC,
chlorine atoms of PVC interact with atoms of another
polymer, having nonbonded electrons, like oxygen, nitro-
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Table 4 Tg values of virgin PVC and aramid matrices versus blend
compositions

System Tg (°C)

100 wt% PVC 74.00*

100 wt% Ar 105.10
30 wt% Ar/PVC blend 53.88
40-wt. % Ar/PVC blend 55.74

Bibi et al. 2007 [35]

Table 3 Effect of blend ratio on Tmax and weight losses at different
temperatures

Blend Weight loss at temperature (%) Tmax (K)

400°C 420°C 440°C 460°C

30 wt% PVC 54.35 55.46 57.63 63.07 776
40 wt% PVC 53.11 54.23 56.21 61.70 783
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gen, or others [31–33]. Accordingly, the miscibility of the
PVC/Ar blends could be explained in terms of donor–
acceptor interactions between chlorine atoms (weak accep-
tor species) and oxygen atoms (donor species) of the Ar
chains. Furthermore, the hydrogen bond operating between
the hydrogen atoms of PVC and carbonyl groups of
aromatic polyamide is also responsible for the miscibility
of two matrices.

As seen from Fig. 7, TGA curve of the 100-wt% Ar
shows one step which is attributed to the aromatic
polyamide degradation. Thermograms for both 30 and
40 wt% PVC compositions are presented in Fig. 7,
respectively. The organic matter started to decompose in
the Ar/PVC blend near 235°C. The first step is the
dehydrochlorination of the organic polymer chains resulting
in the formation of polyene sequences of different lengths
[34]. PVC generally shows two stages of decomposition:
during the first stage (between 200 and 360°C), it is mainly
HCl, benzene, and very small amounts of alkyl aromatic or
condensed ring aromatic hydrocarbons that are formed.
Nearly, 15% of the polyene generates benzene, the main
part accumulating in the polymer and being active in
intermolecular condensation reactions, by which cyclohex-
ane and cyclohexadiene rings embedded in an aliphatic
matrix are formed [35].

Alkyl aromatics and condensed ring aromatic hydro-
carbons are created in the second stage of degradation
between 360 and 500°C. In this stage, the polymeric
network formed by polyene condensation breaks down in
the process of aromatization of the above six carbon rings.
The thermal decomposition temperature of the pure PVC
lies between 230 and 255°C [35]. For the system under
study, the Tmax of Ar/PVC blends rises; thus, the thermal
stability of the material is improved. The interaction
between Ar and PVC matrices serves to enhance thermal
properties. However, only an appropriate amount of the two
phases provided better compatibility, which in case of Ar/
PVC blends was up to 40 wt% PVC.

There are stronger interactions between blend compo-
nents; this is attributed to the polar groups in the polymer
chains, e.g., C=O groups distributed in the Ar matrix which
can form secondary bonds with the hydrogen atoms of
PVC. As the interaction between the two constituents has a
profound effect on the properties of the resulting blends,
thus, the increment in the property profile of the blends
confirm the complete miscibility of the matrices [35].
Miscibility has been achieved by virtue of the greater
interfacial bonding between the two phases. Consequently,
Ar promotes processability of PVC and reduces the internal
friction of the PVC molecules thereby reducing the Tg
value. The reduction in Tg of Ar/PVC blends advocates the
greater low temperature flexibility thus making process-
ability easy.

Conclusions

It has been verified that there is an essential correlation
between thermal, mechanical, and morphological proper-
ties. The glass transition temperatures obtained from DSC
thermograms exhibit a single Tg lying between the Tgs of
the blend components, thus, indicating miscibility. Stable
phase morphology has been established by morphological
results; which is ascribed to the interfacial adhesion through
H-bonding between matrices. PVC, 40 wt%, blend exhibits
better synergy, as reflected by improved mechanical
properties. The system under study has revealed specific
interactions so as to reduce the dispersed phase size. As a
consequence, the diminution in Tg of Ar/PVC blends
conspicuously validates the augmentation of PVC process-
ability without deteriorating mechanical persona.
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