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ABSTRACT: This article describes the development of
novel nanocrystalline poly(vinyl chloride) (PVC) for poten-
tial applications in PVC processes and reports improve-
ments in the mechanical properties and thermal resistance.
Before the preparation of nanocrystalline PVC via jet mill-
ing, PVC was spray-treated and heat-treated to improve its
crystallinity. The pulverization and degradation, morphol-
ogy, crystalline structure, and melting-point changes of
postmodified PVC during jet milling and the relationship
between the distributions of the particle size and processing

temperature were investigated. X-ray analysis and density
testing indicated increased density and improved crystallin-
ity. The crystalline region of nanocrystalline PVC was less
than 80 nm, with a particle size distribution of 5–20 �m and
a melting point of less than 128°C. © 2003 Wiley Periodicals, Inc.
J Appl Polym Sci 91: 563–569, 2004
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INTRODUCTION

Poly(vinyl chloride) (PVC) is widely used in pipes and
profiles because of its exceptional corrosion resistance,
self-extinguishability, flame resistance, inexpensive-
ness, and recoverability. PVC products are restricted
to environments not exceeding 80°C and to nonstruc-
tural applications because of their low strength, which
is reduced by the OCl substituent. As a result, PVC
doorframes and windows must have a steel interior,
and PVC pipes cannot convey hot water. Improved
strength, rigidity, toughness, thermal resistance, and
dimensional stability by nanocrystalline PVC will cer-
tainly extend the applications of PVC.

Many studies have been carried out to toughen and
reinforce PVC.1–3 Blends of PVC and thermoplastic
elastomers show toughened impact properties, which
are accompanied by deteriorated rigidity, stiffness,
dimensional stability, and thermal resistance.4,5 For
inorganic particulate filler/PVC composites, the re-
sults are contrary to those of blending.6,7 Another
method is crosslinking.8,9 Investigations have shown
that crosslinked PVC has greatly improved thermal
resistance and solvent resistance, but it is lacking in
mechanical properties. Moreover, crosslinked PVC

loses its recoverability, and this is harmful to the en-
vironment. It is thought that blending, filling, and
crosslinking cannot satisfy high-performance plastic
properties of strength, rigidity, toughness, and ther-
mal resistance simultaneously.

Nanomaterials have received considerable attention
in recent years. Inorganic nanoparticles are applied to
the high-performance modification of plastics.10–12 In-
terface adhesion between the polymer matrix and in-
organic nanoparticles is strong enough to improve
rigidity, toughness, thermal resistance, and processing
properties simultaneously. However, inorganic nano-
particles tend to aggregate because of their high sur-
face energy.13,14 Consequently, this makes them hard
to disperse in a polymer matrix on a nanometer scale,
and this certainly reduces the properties of nanopar-
ticle/plastic composites.

The crystallinity of typical PVC is under 5%. If the
crystallinity is raised to a level greater than 30%, PVC
can be used at elevated temperatures with enhanced
strength, rigidity, and dimensional stability. Because
the melting point of crystalline PVC is greater than
200°C, the processing temperature of PVC must also
be over 200°C, and this results in the creation of HCl,
which degrades PVC and makes crystalline PVC un-
suitable.12,15 This contradiction between crystallinity
and processing must be settled.

PVC, with a melting point of 210°C and a crystal-
linity level of about 35%, is made by spray and heat
treatments. Then, nanocrystalline PVC is prepared via
jet milling. In the presence of nanocrystalline PVC as a
self-plasticizer and self-nucleating agent, PVC can be
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extruded easily, its mechanical properties reaching the
standards of engineering plastics.

EXPERIMENTAL

Materials and equipment

PVC was provided by Sinopec Qilu Co., Ltd. (China),
in the form of a powder with a weight-average mo-
lecular weight of 6.25 � 104. The syndiotacticity of
PVC was 10–15%. The jet-milling treatment was con-
ducted in a fluidized-bed opposed jet mill (Alpine Co.,
Germany).

Spray treatment

A nucleator solution was prepared by the 1:1 mixing
of cyclohexanone and cyclohexane. An atomizer was
adopted to spray-treat PVC during high-speed agita-
tion to ensure that the PVC particles swelled. The
boiling point of this mixed solvent was about 90°C.

Heat treatment

The PVC particle heat treatment was stopped after a
5-min residence time at a constant temperature of
110°C. During this procedure, the solvent inside the
PVC particles volatilized. A temperature of 110°C was
adopted for two reasons: the volatile temperature of
the solvent had to be greater than 90°C, and the opti-
mum crystallization temperature of PVC was 110°C.16

The generating rate and nucleation rate were optimal
at this temperature.

Preparation of nanocrystalline PVC

Postmodified PVC was jet-milled in the fluidized-bed
opposed jet mill, with three classifying gear speeds
(3000, 6000, and 9000 rpm) and processing tempera-
tures ranging from 5 to 20°C.

Testing and characterization

Scanning electron microscopy (SEM)

The samples were examined as a function of the clas-
sifying gear speed (3000, 6000, or 9000 rpm) at a con-
stant temperature with a Hitachi (Tokyo, Japan) S2500
scanning electron microscope. Before the SEM exami-
nation, the surfaces were coated with a layer of a
gold–palladium alloy.

X-ray analysis

Modified and unmodified PVC specimens were stud-
ied on a HZG4-PC X-ray diffraction analyzer, and then
X-ray crystallinity was used to evaluate the improve-
ment in the crystallinity.

Particle size distribution

The particle size distribution was determined with a
BI-XDC particle size analyzer as a function of the
temperature (5, 10, or 20°C) at a constant classifying
gear speed. The size distribution curve displayed the
particle size along the x axis and the percentage along
the y axis. From these data, the average diameter of
the different specimens was determined.

Differential scanning calorimetry (DSC)

The samples were initial PVC, jet-milled but unmod-
ified PVC, and nanocrystalline PVC. The test was com-
pleted on a PerkinElmer differential scanning calorim-
eter at a heating rate of 20°C/min. The recorded scans
were analyzed in terms of the melting point.

Fourier transform infrared (FTIR) spectroscopy

KBr and nanocrystalline PVC processed at different
classifying gear speeds were thoroughly mixed and
then pressed into thick films with a compression-
molding machine between two Teflon sheets at 180°C,
with a load of 10 tons, for 5 min. Finally, the samples
were analyzed with a Nicolet (Madison, WI) 20DXB
FTIR spectrometer. The changes in the band peak
were connected to the microcrystalline structure of
PVC as a function of the classifying gear speed.

Transmission electron microscopy (TEM)

TEM observations with a JEM-100CX II were used to
evaluate the crystalline dimension and crystalline size
distribution of nanocrystalline PVC. For TEM studies,
a drop of a 1 wt % polymer solution in n-butanol was
dried on a carbon-coated mica sheet to form a film.
The film was then transferred to a copper grid and
dried in a vacuum oven at 50°C for 24 h. The speci-
mens were stained in ruthenium tetraoxide vapor for
5 h to improve the image contrast.

RESULTS AND DISCUSSION

Structure of PVC

PVC, for processing into a profile, is mostly synthe-
sized by the suspension polymerization technique.
This kind of polymerization makes PVC of a low
crystallinity. The presence of crystallinity induces an
increase in the fragility and a decrease in the impact
properties. The polymerization is usually carried out
at 50–70°C (lower than its glass-transition tempera-
ture of 80°C) to reduce the formation of crystallinity;
this leads to a lower deterioration of the properties.

During suspension polymerization, when mono-
mers react with PVC, porosity forms in the growing
particles because PVC has a higher density than vinyl
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chloride. Water in the polymerization autoclave fluxes
into the porosity thorough microvoids and cleavages
in the surfaces of the growing particles, and further
aggregation of growing particles ultimately results in
a better formation of stable porosity. The effect be-
comes obvious with high-speed agitation and the im-
pact of water against the porosity.

During the drying treatment, the nonreacted mono-
mers move out from the primary particles, and PVC
particles are formed, with their surface blown up be-
cause of vapor removal causing porosity.17,18 Figures 1
and 2 present SEM micrographs of PVC particles and
PVC primary particles, respectively. Figure 1 shows
globular PVC particles, with much porosity in the
surface. The micrograph corresponds to the previous
descriptions. Figure 2 magnifies part of Figure 1. It
shows that single PVC particles are made up of a
multitude of primary particles. The small globular
particles are the primary particles, aggregating to form
PVC particles. The crystalline structure is inside the

primary particles, with a large protocrystalline region,
which is of a high order and ultimately results in a
high melting point and a high die strength. This is
evident from its melting point of 210°C.

Crystallinity improvement of modified PVC

Table I summarizes the density changes of modified
and unmodified PVC. A nucleator enters into PVC
particles and acts as a crystal seed to induce the oc-
currence of heterogeneous nucleation. Heat treatment
further induces it. The density of modified PVC in-
creases because of the improved crystallinity and,
therefore, the collapsed structure.

An X-ray diagram of unmodified PVC has no obvi-
ous diffraction peak, and this is evidence of the low
crystallinity of the PVC polymer (Fig. 3). In contrast,
an X-ray diagram of modified PVC has two obvious
diffraction peaks, and this is evidence of the crystal-
linity improvement.

Pulverization and degradation of PVC

In a jet mill, PVC particles rotate with a high-speed
airflow and crash against one another, touch one an-
other, and grind one another, thereby being pulver-
ized into superfine particles in the fluidized bed.19 The
modification of PVC particles brings extended and
perfect crystalline regions and increased fragility. The
improved crystallinity makes the impact rigid particle
to rigid particle, instead of soft particle to soft particle
as before modification. This is different from the shear
rupture of noncrystalline molecules during solid-state

Figure 1 SEM micrograph of a PVC particle.

Figure 2 SEM micrograph of PVC primary particles.

TABLE I
Density of Modified and Unmodified PVC

Specimen

Modified PVC Unmodified PVC

Density (g/cm3) 1.47 1.44

Figure 3 X-ray diagrams of (a) modified PVC and (b) un-
modified PVC.
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grinding.20,21 At the same time, internal stress also
appears in the PVC molecules, inducing local degra-
dative reaction. Pulverization and degradation give
PVCs of different structures and properties.

Effect of jet milling on the particle morphology of
nanocrystalline PVC

Figure 4 illustrates the variations of superfine PVC
particles at different classifying gear speeds. The
higher the speed is, the smaller the dimension is. At
9000 rpm [Fig. 4 (d)], most PVC particles pulverize
into microparticles with a particle size of about 10 �m,
accompanied by slight aggregation on account of the
high surface energy. A higher speed, with higher fre-
quency jet milling, produces more of a chance for
pulverization, and this results in smaller dimensions
of the PVC particles. However, the particle size does
not follow a linear relationship with the speed. The
pulverization efficiency is highest at 3000 rpm, with

the particle size decreasing from 160 to 50 �m and
reaching 20 �m at 6000 rpm and 10 �m at 9000 rpm.
This can be explained as follows: the initial PVC par-
ticle is large and has a high kinetic energy at a constant
classifying gear speed; the modification increases the
crystallinity and fragility. All of this makes the post-
modified PVC particle easy to pulverize. After several
impacts, one particle breaks into several smaller par-
ticles. Each smaller particle is small and thus has a low
kinetic energy at the same speed; this makes pulveri-
zation difficult. The smaller the particle size is, the
more obvious the phenomenon is. That is, the particle
size is not always inversely proportional to the classi-
fying gear speed.

Figure 5 presents a magnified SEM micrograph of a
PVC particle pulverized at 9000 rpm. The particle has
been pulverized internally, assembled by many loose
microparticles, changing from a spherical shape to a
flake; this indicates that the inner crystal structure has

Figure 4 SEM micrographs of (a) unpulverized PVC, (b) PVC pulverized at 3000 rpm, (c) PVC pulverized at 6000 rpm, and
(d) PVC pulverized at 9000 rpm.
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been broken greatly. It can be deduced that an ex-
tended jet-milling time leads to superfine PVC parti-
cles with smaller volumes and higher degrees of dam-
age.

Effect of the processing temperature on the particle
size distribution of nanocrystalline PVC

Table II shows data from BI-XDC representing the
variations of the PVC particle size distribution as a
function of the processing temperature. Figure 6
shows the centralized distribution at different process-
ing temperatures.

a, b, and c in Table II correspond to PVC particles
pulverized at processing temperatures of 5, 10, and
20°C, respectively. Curves a–c in Figure 6 are selected
regions from the particle size distribution curves that
show the centralized distribution.

From a comparison of the curves and data, we can
surmise that, with an increase in the processing tem-
perature, the average particle size and maximum par-
ticle size increase, but the specific surface area de-
creases. Centralized distribution maxima lie at 9.8,
10.0, and 13.5 �m, corresponding to 5, 10, and 20°C,
respectively. The lowest temperature provides the
most uniform distribution. This result is associated
with the better toughness due to the active movement

of PVC molecules at higher temperatures and the re-
sultant poor pulverization efficiency.

Effect of jet milling on the microcrystals of
nanocrystalline PVC

The effect of jet milling on microcrystals can be de-
tected through FTIR. Spectra in the 600–700-cm�1 re-
gion are shown in Figure 7(a–c) for 0, 6000, and 9000
rpm, respectively. The band at approximately 690
cm�1 accounts for the isotactic COCl stretching vibra-
tion. The band at about 635 cm�1 is the absorption
band of the crystal region and accounts for the syn-
diotactic COCl stretching vibration. A high degree of
crystalline order results in a strong band at 635 cm�1.
After jet milling, the peak at about 635 cm�1 decreases
with an increase in the classifying gear speed; this
means a low degree of crystalline order. This confirms
that jet milling destroys the microcrystals of crystal-
line PVC.

Effect of jet milling on the melting point of
nanocrystalline PVC

The DSC spectral analysis results are shown in Figure
8 and represent the variations of the melting temper-
atures of different specimens. Curves a–c correspond

Figure 5 Magnified SEM micrograph of a PVC particle
pulverized at 9000 rpm.

TABLE II
Variation of PVC Particle Size Distribution

�5 �m
(%)

�10 �m
(%)

�15 �m
(%)

Average
particle size

(�m)

Maximum
particle size

(�m)

Specific
surface area

(�m)

Centralized
distribution

(�m)

a 27 42 92 9.38 17 0.481 9.8
b 10 44 86 9.70 20 0.457 10.0
c 16 36 72 10.75 23 0.426 13.5

Figure 6 Centralized distribution at processing tempera-
tures of (a) 5, (b) 10, and (c) 20°C.
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to specimens of nanocrystalline PVC, initial PVC, and
unmodified but jet-milled PVC, respectively. The
melting point decreases from 210 to 128°C, but the
melting point of unmodified PVC is still about 200°C,
which is negligible. The melting point of the polymer
corresponds to the degree of crystalline order. The
higher the crystal defect is, the lower the melting point
is. The decreased melting point confirms that jet mill-
ing destroys the crystal region. However, the previous
modification is a fatal factor, and this can be proved by
the unmodified but jet-milled PVC

The low melting point enables nanocrystalline PVC,
a self-plasticizer, to improve processing properties.
Moreover, the crystal nucleus cannot melt during pro-
cessing, acting as a nucleating agent to induce PVC to
crystallize. The improved crystallinity leads to excel-
lent mechanical properties.

Structure of nanocrystalline PVC

Figure 9 presents a TEM micrograph of a pulverized
PVC particle. The little black points represent the crys-

tal regions of nanocrystalline PVC, with diameters of
less than 80 nm. These fine and uniformly distributed
crystal regions have a nucleation effect.

CONCLUSIONS

On the basis of the structure of PVC, a novel nanoc-
rystalline PVC has been successfully prepared for po-
tential applications in PVC processes, showing im-
provements in the mechanical properties and thermal
resistance. It is evident from X-ray diagrams that the
crystallinity of PVC is increased after modification,
and this results in easier pulverization during jet mill-
ing and ultimately nanometer crystal regions. The ef-
fect of jet milling on the particle morphology shows
that a higher classifying gear speed produces smaller
PVC microparticles, but the particle size does not fol-
low a linear relationship with the speed. The melting
point of nanocrystalline PVC is 128°C, which enables
it to be a self-plasticizer to improve the processing
properties and to be a self-nucleating agent to induce
PVC to crystallize; consequently, the mechanical prop-
erties and thermal resistance of PVC products can be
improved. The appearance of nanocrystalline PVC set-
tles the contradiction between crystallinity and pro-
cessing.
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