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ABSTRACT: In this article, the microstructures of polyeth-
ylene terephthalate (PET) /nanopowder of butadiene-styrene-
vinylpyridine (BSV) rubber, PET/nanocalcium carbonate,
and PET/nanoorganoclay as well as the effects of mechanical
properties and crystallization on PET were investigated.
Scanning electron microscope (SEM) indicated that when the
nanoparticles are added into PET, small spheroidicity-shaped
particles were seen in the SEM micrographs, and these par-

ticles were not nanopowders themselves. The crystallization
of PET is improved with the incorporation of proper quantity
of nanopowders of BSV and nanoorganoclay. Nanopowders
of BSV and organoclay can enhance PET’s mechanical prop-
erties but not the nanocalcium carbonate. © 2009 Wiley
Periodicals, Inc. ] Appl Polym Sci 113: 306-315, 2009
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INTRODUCTION

Polyethylene terephthalate (PET) is a saturated ther-
moplastic polyester. Compared with other polyest-
ers, PET has several disadvantages such as rigid
molecular chain, low T,(70-80°C), slow crystallizing
rate during process, and so on. The incorporation of
some addition agents, including organic, inorganic,
or some ionomers, can influence the crystallization
velocity, microstructure, and properties."® The scan-
ning electron microscope (SEM) results illuminated
that the microstructures of PET/EPDM and PET/
MMT are with the various different contents of
EPDM and MMT.” Glass fiber also has effects on the
microstructures of PET.® In recent years, more and
more researchers are engaged in the study of nano-
material-modified PET, and most of the nanomateri-
als are nanoinorganics or organized inorganics such
as clay, montmorillonite, and so on.>® To the best
of our knowledge, there are no reports on the micro-
structure of nanoorganic-modified PET. In this arti-
cle, the properties of PET, containing organic and
inorganic powders, were detected, and their micro-
structures were also depicted by SEM.

EXPERIMENTAL
Materials

PET (viscosity 0.85 dL/g) is manufactured by Yiz-
heng Chemical Fiber Co. (Jiangsu, China). Butadi-
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ene-styrene-vinylpyridine (BSV) rubber (VP-701)
was purchased from Beijing Research Institute of
Chemical Industry (BRICI), SINOPEC; nanocalcium
carbonate powder, treated with titanate coupling
agent, was purchased from market; nanoorganic
clay was provided by the Institute of Chemistry
Chinese Academy of Sciences; other agents were
purchased from the market.

Sample preparation

Samples of pristine PET, PET/BSV, PET/nano-
calcium carbonate, and PET/nanoclay composites
were prepared with corotating twin-screw extruder
with a screw diameter of 25 mm and a length-to-
diameter ratio of 32 : 1. The nanopowders first were
dried at 90°C for about 4 h and incorporated into
PET, and then fed into the twin-screw extruder. The
compounding was carried out at a temperature pro-
file of 234-240-250-255-255-250 from the hopper
to the strand die. The extruder’s speed was set at
300 rpm.

Test of mechanical properties

The pellets prepared by the extruder were dried in an
oven at 100°C for about 6 h and then injection-molded
into standard specimens with a temperature profile of
240-255-265-265, mold temperature 65-80°C, and
molding time 120 s. Dimensions of the specimens are
as follows: tensile specimens were adopted with Type
I in ASTM D-638-03; flexural strength/modulus with
the dimension length x width x thick (L x W x T) of
127 x 12.7 x 3.2 (mm®) and Izod notched impact with
L x W x T of 63.5 x 12.7 x 6.4. Placed statically for
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Figure 1 SEM micrographs of PET and PET/BSV: (a) Pure PET, (b) PET/2 wt % BSV,(c) PET/5 wt % BSV, and (d) PET/
10 wt % BSV.

about 48 h, the specimens were tested using ASTM ASTM D-790-03; Nothed Izod impact with ASTM
method as follows: tensile strength (elongation) with ~ D-256-06a. More than five replicate tests were carried
ASTM D-638-03; flexural strength/modulus with out for each mechanical property.
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Figure 2 AFM micrographs of PET/BSV. [Color figure can be viewed in the online issue, which is available at www.
interscience.wiley.com.]
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Figure 3 DSC curves for BSV, PET, and PET/BSV. Curves: (1) BSV; (2) Pure PET; (3) PET/2 wt % BSV; (4) PET/5 wt %
BSV; (5) PET/7 wt % BSV; and (6) PET/11 wt % BSV.

Scanning electron microscope analysis Thermal analysis by differential

scanning calorimeter

The samples were immersed in liquid nitrogen for
20 min and then fractured. The fractured surfaces  The analysis was investigated using a Perkin Elmer

were coated with gold and then examined by a Phil- ~ Diamond differential scanning calorimeter (DSC).
lips XL-30 SEM to observe the microstructures of the =~ The process was as follows: First, the samples were
samples. heated up from 40 to 300°C. Then, the melts were
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Figure 4 SEM micrographs of (a) PET/nanocalcium carbonate and (b) PET /nanoclay.
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TABLE I
Data of PET/BSV Calculated with Jeziorny Method

Jeziorny method

25°C/min  5°C/min 10°C/min 20°C/min 40°C/min
Crystallinity

(%) In[-In(1 — X})] Int Int Int In t Int

5 —-2.97 1.533 1.352 0.726 —0.124 —0.511
10 —2.25 1.692 1.474 0.861 0.080 —0.265
15 —1.817 1.803 1.561 0.969 0.236 —0.069
20 —1.500 1.912 1.661 1.088 0.427 0.262
25 —1.246 2.069 1.841 1.313 0.868 -

cooled down from 300°C to 40°C. At last, they were
again heated up to 300°C. All the process was at a
rate of 10°C/min.

RESULTS AND DISCUSSION

The microstructures of PET and
PET/butadiene-styrene-vinylpyridine

The microstructures of PET and PET/BSV (2, 5,
10 wt %) were observed through SEM, as shown in
Figure 1.

Figure 1 shows the shape like “beach flushed by
the sea” in the microscopy of pure PET (SEM) and
there are no other crystallites or particles. Micro-
graph of Figure 1(b) shows the PET containing 2 wt
% BSV, it is found that many little irregular ball-like
particles, which as if disorderly grew from the ma-
trix, are discovered significantly different from that
of pure PET. Figure 1(c,d) shows the micrograph of
PET containing 5 and 10 wt % BSV, respectively, in
which, many little particles become regular and uni-
form and densely distribute in the systems with the
addition of nano-BSV. These particles size are about
30-60 nm in diameter. However, these particles are
not from the BSV added in the PET matrix; is it of
some other types? See the following section.

Figure 2 displays the micrograph obtained through
a Nanoscope IlI-a (US Digital Instrument) atomic
force microscope (AFM). As described earlier, not
more than 10 wt % nano-BSV was added into PET, so
BSV is not in a continuous phase, but the PET matrix
is in a continuous phase. In the AFM micrographs, the
highlighted particles in the height diagram and the
deep colored ones in the phase diagram are BSV, that
is, discontinuous phase and looks like island. There-
fore, little ball-like particles seen in Figure 1 are not
BSV but are formed from PET.

DSC analysis for PET/BSV

As illustrated in Figure 3, with the increasing contents
of BSV, the peaks of low-temperature crystallizing
(cold crystallization) turned into sharp and the values

were decreased in heating-up (1) profiles, which indi-
cated the incorporation of BSV improved the crystalli-
zation of PET. In heating-up (2) profile, the
crystallizing peak of PET without adding BSV is
much wider than that of PET with the addition of
BSV, which also means that BSV is helpful to the crys-
tallization of PET. In the curves of cooling-down pro-
file, all the crystallizing temperatures are almost at
one point. In the second heating-up procedure, the
crystalline melts at a point and every peak is sepa-
rated into two parts (ee heating-up (2) in Fig. 3) and
they should belong to different types of crystalline
whose melting peak partially overlaps each other.
From the SEM micrographs, there are only little ball-
like particles distributing in PET, but no evidence
proves that whether these particles are crystallites or
not. PET crystalline belongs to triclinic system, but
these particles are definitely not triclinic. Generally,
the addition of BSV is favorable for the crystallization
of PET, because BSV can nucleate and its flexibility
improves the activity of PET molecular chains.
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Figure 5 DSC curves for PET/nano calcium carbonate
and PET/nanoclay.Curves from up to down in every
figure above are separately heating-up, cooling-down, and
heating-up (the second time). [Color figure can be viewed
in the online issue, which is available at www.interscience.
wiley.com.]
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Figure 6 Curves of crystallinity versus time for PET/BSV,
PET /nano clay, and PET/nano calcium. Crystallinity versus
time for (a) PET/BSV, (b) PET/nano clay, and (c) PET/
nanocalcium. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

Analysis for PET/nanocalcium carbonate
and PET/nanoclay

Figure 4 shows the SEM micrographs of PET/nano-
calcium carbonate and PET/nanoclay. After adding
the same weight of nanocalcium or nanoclay (4 wt %)
into PET, little “ball-like” particles similar to those

Journal of Applied Polymer Science DOI 10.1002/app
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described in PET/BSV are seen in the picture. From
Figure 4, it can be seen that (a) is somewhat different
to (b). The little “balls” in (a) protrude outwards
hanging down, whereas the “ball” in (b) are
immerged in the matrix like cobbles in concrete. Dif-
ferent microstructures between (a) and (b) results in
the difference in their properties (see Table I).

DSC analysis for PET/nanocalcium
carbonate and PET/nanoclay

Figure 5 shows the DSC curves of PET/nanocalcium
carbonate and PET/nanoclay. PET containing 4 wt %
nanocalcium carbonate or nanoclay have similar ball-
like particles in PET/BSV, from which we can see that
the crystallization of the two types of composites are
basically similar. The addition of nanocalcium carbon-
ate or nanoclay improved the crystallization. As
described earlier, in the second heating-up procedure,
there are two peaks overlapping each other, whereas
this phenomenon does not appear in the cooling-
down procedure. Meanwhile, low-temperature crys-
tallization peak (at about 125°C) appears and this
indicate that the effect of nanocalcium carbonate and
nanoclay on PET’s crystallization is no better than
that of BSV’s.

Nonisothermal crystallization kinetics of PET

DSC was carried out separately at a series of cooling
velocities of 2.5, 5.0, 10, 20, and 40°C/min. Figure 6
shows the relations between the crystallinity and
time for PET/BSV, PET /nanoclay, PET/nanocalcium
at different cooling velocities. As shown in Figure 6,
the crystallinity reached a high value with low cool-
ing velocities, but the crystallization lasted for longer

1 —m—2.5/min
-m— 5.0/min P ] ] ] ]
= 10/min L p
—m— 20/min =] = = /'
= 40/min i

Ln[-Ln(1-Xt)]

-1.0 0.5 0.0 0.5 1.0 15 2.0
Lnt

Figure 7 Curves from Table I. [Color figure can be viewed
in the online issue, which is available at www.interscience.
wiley.com.]
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Figure 8 Curves from Table II. [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]

time. The study of kinetics on these systems was
carried out thereafter.

There are some theories about nonisothermal crys-
tallization,'® such as Ozawa, Jeziorny, and Mo
method. The three methods are derived from
Avrami equation with some modifications. In Ozawa
method, Ozawa developed Avrami equation. Noni-
sothermal crystallization was assumed to consist of
infinitesimal isothermal procedure and the equation
was worked out as follows:

K(T)
1— X, = e 1)

where K(T) is the function of cooling; R is the cool-
ing velocity; and m is the Ozawa index, which
reveals the dimension of crystallization.

n l = [ [
? = ‘-"; /
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Figure 9 Curves of In(—In(1 — X)) versus In ¢ for PET/
nanoclay with Jeziorny method. [Color figure can be viewed
in the online issue, which is available at www.interscience.
wiley.com.]
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Figure 10 Curves of In R versus In t for PET/nanoclay
with Mo method. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

The Ozawa method had its limitation in dealing
with the data obtained in nonisothermal crystalliza-
tion. Mo combined Ozawa with Avrami equation to
work out a new function as follows:

InR = InF(T) — alnt (2)

where F(T) is the cooling velocity needed to get cer-
tain crystallinity in unit of time, and 4 = n/m is the
ratio of the index of Avrami and Ozawa.

The Jeziorny method based on the hypothesis of
isothermal crystallization came from Avrami equa-
tion. This method was actually nonisothermal crys-
tallization as an isothermal procedure, and thereafter
some of its parameters were corrected. The follow-
ing is the function:

In(—In(1 — X;)) = RInZ. + nint 3

where Z; = Z;/R.

Jeziorny and Mo theory were used in this work.

As shown in Figure 7 are the plots for In(—In(1 —
X)) vs. In t. It can be seen that the curves for lower
cooling velocities fit linearly better than those for
higher velocities with the Jeziorny method; although
in general, there are no good linear fitting of
In(—In(1—-X;)) versus In t for the PET/BSV system.
Figure 8 shows the plot for In R versus In t for PET/

TABLE II
Data of PET/BSV with Mo Method
Mo method?

Cooling 2.5°C/ 5°C/ 10°C/ 20°C/ 40°C/
rate min min min min min
(°O)

In R 0.916 1.609 2.303 2.996 3.689

@ All values of In t are the same as those of Jeziorny
method.

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE III
Data from Fitting Linear of the Curves in Figure 10
Crystallinity (%) A: intercept B: slope F(T)
5 2.6009 —1.06233 13.476
10 2.78584 —1.09478 16.213
15 2.94435 -1.1019 18.998
20 3.1634 —1.07385 23.651
25 3.55029 —0.9907 34.823

BSV, in which, In Rs and In ts were not fitting good
in the linear relation.

The curves of In(—In(1 — X,)) versus In ¢ for PET/
nanoclay in Figure 9 indicate that In(—In(1 — X;))s
are not linear with In fs. In Figure 10, the curves are
linear lines with Mo method and can well fit the
function y = A + Bx. Values of A and B are listed in
Table III, and the values of F(T), which means the
cooling velocities needed to get certain crystallinity
in 1 min, were also figured out.

Figures 11 and 12 show the plots of PET/nanocal-
cium carbonate with the Jeziorny method and Mo
method, respectively. The curves ploted with Jeziorny
method display no linear relation, which means
this method did not fit the function (3). In Figure 12,
the curves appear with good linear relationship
between In Rs and In ts in lower cooling rates
(<20°C/min). The data obtained from the fitting
curves of Figure 12 are shown in Table IV. Comparing
the values of F(T) in Tables III and 1V, it can be seen
that lower cooling rate was needed in PET/nanoclay
than in PET/nanocalcium carbonate to get the same
crystallinity.

From this, it can be concluded that the three sys-
tems, PET/BSV, PET/nanocalcium carbonate, and
PET/nanoclay, have different crystallization behav-

1 |—m—2.5°C/min
5 5.0C/min
= 10°C/min
m—20°C/min " = u -
= 40°C/min s 5 5 o

Ln[-Ln(1-Xt)]

Lnt

Figure 11 Curves of In(—In(1—X;)) versus In t for PET/
nanocalcium carbonate with Jeziorny method. [Color fig-
ure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]
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Figure 12 Curves of In R versus In t for PET/nanocal-
cium carbonate with Mo method. [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]

iors. In PET/BSV, BSV is a kind of high molecular
material. Incorporated in PET, BSV affected the
PET’s crystallization with accelerating the behavior,
but in a different way compared with the compara-
tively low molecular inorganics—nanocalcium car-
bonate and nanoclay.

Observation of the microstructure through
optical microscope

Figures 13-16 show the micrographs of PET/BSV,
PET/nanoclay, PET/nanocalcium carbonate, and
PET, respectively. These graphs were observed in a
Zeiss Axio Imager Alm phase-contrast microscope
(Carle Zeiss) on the samples on a Linkam THMS 600
heating platform at a heating-up and cooling veloc-
ity of 5°C/min, with the protection of nitrogen gas.
In Graphs (a), of Figures 13-16, optical path differ-
ence of the visible light penetrating the sample was
converted into amplitude difference, which
improved the contrast of all kinds of microstructure.
These microstructures of Figure 13(a) apparently dif-
fers from that of Figures 14 or 15. The structures in
(a) should not be regarded as the micrographs of
crystal structure, but the second level of microstruc-
tures. It indicates that “the second-level structures”
of PET/BSV, PET/nanoclay, and PET/nanocalcium

TABLE IV
Data from Fitting Linear of the Curves in Figure 12

Crystallinity (%) A: intercept B: slope F(T)
5 2.7037 —2.6133 14.935
10 3.11623 —1.33295 22.561

15 3.57683 —1.41896 35.76
17.5 4.02458 —1.55638 55.957
20 4.11918 —1.45229 61.509
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Figure 13 Micrographs of PET/BSV: (a) micrograph of phase contrast and(b) micrograph of crosspolarized light. [Color
figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

Figure 14 Micrographs of PET/nanoclay: (a) micrograph of phase contrast and (b) micrograph of crosspolarized light.
[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

Figure 15 Micrographs of PET/nanocalcium carbonate: (a) micrograph of phase contrast and (b) micrograph of crosspo-
larized light. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 16 Micrographs of PET: (a) micrograph of phase contrast and (b) micrograph of crosspolarized light. [Color figure
can be viewed in the online issue, which is available at www.interscience.wiley.com.]

carbonate are remarkably different from each other.
The size of the visible structures in PET/BSV is
larger than that in the other systems. This may affect
the PET’s crystallizing behavior and results in differ-
ent values in the kinetics of Mo’s method for all
three systems. The different microstructures leads to
their different macroscopical properties.

Figures 13-16 show that the addition of BSV, nano-
clay, or nanocalcium carbonate changes PET’s micro-
structure, and the size of crystals in PET get more
smaller. Addition of other particles (such as BSV BSV,
nanoclay, or nanocalcium) into PET has effects on its
cystallinzation, that is, larger number of noncrystal-
line cores come into being and the space provided for
the cores to grow is very limited. The cores’ growing
speeds are faster, so in shorter time, the crystallites
get into shape. At the same time, the growing method

of the cores deffer from one another, which results in
the distinction of the crystalline and the “second-level
structure.”

Effects of nanoparticles on properties of PET

Table V displays the properties of PET/BSV, PET/
nanoclay, and PET/nanocalcium carbonate with dif-
ferent contents (2, 4, and 6%) of BSV, nanoclay, or
nanocalcium carbonate, respectively. Data in Table V
indicate that the addition of BSV or nanoclay
improves the properties of tensile, flexible, and
impact strength. For BSV, its modulus is low, which
results in low flexible modulus of PET/BSV; but it
contributes to the impact strength because of its own
good toughness. According to the theory of Craze-
Shear-banding,™ rubber (BSV) particles play two

TABLE V
Effects of Nanoparticles on PET’s Properties
Tensile Flexural Flexural Notched
Contents of strength Elongation strength modulus Izod impact
nanoparticles (%) (MPa) (£1.4) (%) (£1.1) (MPa) (£1.6) (GPa) (£0.06) (J/m) (£2.0)
PET/BSV
2 57.4 4 94.0 2.56 379
4 59.2 54 88.1 242 39.6
6 55.3 3 82.7 2.28 43.0
8 54.8 6.0 80.5 2.19 54.0
PET/nanoclay
2 419 24 81.38 2.92 29.7
4 57.7 4.4 88.00 3.03 37.3
6 55.0 24 91.1 3.01 48.1
8 48.8 2.0 88.6 2.90 41.2
PET/nanocalcium carbonate
2 38.5 2.0 75.74 2.93 16.0
4 43.5 3.0 72.38 291 21.3
6 39.4 24 54.81 3.25 13.7
8 379 2.0 51.7 2.94 13.5
Pure PET
0 47.6 2.0 85.40 3.12 314

Journal of Applied Polymer Science DOI 10.1002/app
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important roles: one is, as the focus of stress, to initi-
ate large amount of craze and shear-banding; the
other is to control the craze so as to end its extend-
ing to prevent resulting in destructive damages. The
stress field of the end of craze initiates shear-band-
ing, which holds back further craze extending. Gen-
eration of large amounts of craze and shear-banding
needs much energy, which is macroscopically indic-
ative of the anti-impact improvement.

Nanoclay is an organic particle and can be better
compatible with PET, so the two parts are able to
cohere with each other, which leads to the improve-
ment of tensile strength. Nanocalcium carbonate is
inorganic particle and incompatible with PET, and
therefore, when larger amount of it is added (>2 wt %),
the properties of PET/nanocalcium carbonate decline
because of bad bonding force between the two phases.

CONCLUSIONS

The BSV incorporated in PET affected the microstruc-
ture of PET and many little ball-like particles arise in
the system of PET/BSV. These balls are not BSV par-
ticles but form due to the effects of BSV, and lightly
different with the varying contents of BSV.

In the presence of BSV, the crystallinity of PET
has been improved. In the second process of heat-
ing-up, there arises double peaks on the melting
point, which indicates that they are not identical
types of crystalline. Meanwhile, pure BSV’s DSC
curve has no crystallizing peak, and pure PET’s has
no double peaks proves that as well.

The addition of nanocalcium carbonate and nano-
clay also affects the microstructure of PET and little
ball-like particles, which are demonstrated in the
SEM of PET/nanocalcium carbonate and PET/nano-
clay. These “little balls” in the two systems are dif-
ferent in modalities and there are no larger particles
of other types of nonidentical phase discovered.
Nanocalcium carbonate and nanoclay are all able to
improve the crystallinity, and double peaks appear
in their DSC profiles.

315

Micrograph of phase contrast and crosspolarized
light shows the difference of the crystalline and the
second-level structure.

Proper amount of nano-BSV or nanoclay reinforces
PET’s tensile, flexible, and impact strength, whereas
nanocalcium carbonate, with its content ratio
increasing, deteriorates PET’s properties.
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