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ABSTRACT: The blends of high molecular weight poly(propylene carbonate) (PPC) and poly(butylene succinate) (PBS) were melt
blended using triphenylmethane triisocyanate (TTI) as a reactive coupling agent. TTT also serves as a compatibilizer for the blends of
PPC and PBS. The blend containing 0.36 wt % TTI showed that the optimal mechanical properties were, therefore, calendared into
films with different degrees of orientation. The calendering condition, degree of orientation, morphologies, mechanical properties,
crystallization, and thermal behaviors of the films were investigated using wide-angle X-ray diffraction, scanning electron microscopy,
tensile testing, and differential scanning calorimetry (DSC) techniques. The result showed that the as-made films exhibited obvious
orientation in machine direction (MD). Both tensile strength in MD and the tear strength in transverse direction (TD) increased
with increasing the degree of orientation. The orientation of the film also increased the crystallinity and improved the thermal prop-

erties of the PPC/PBS blend films. © 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000-000, 2012
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INTRODUCTION

The development of plastics industry had serious consequences
for the environment, called “White Pollution,”
not biodegradability. In recent years, much attention has been
paid to aliphatic polyesters; they show good biodegradability
and excellent comprehensive performance. For instance, poly
(lactic acid) (PLA), poly(3-hydroxybutyrate-co-3-hydroxyvaler-
ate), and poly(butylene succinate) (PBS) are the outstanding
representatives of them.”™ Moreover, the mass emission of CO,
produced by industries is believed to cause the global warming
that may contribute to the climate change.”™"' On the other
hand, the utilization of CO, as resource has attracted more and
more researcher of late years; the copolymerization of CO, with
epoxide to form biodegradable aliphatic polycarbonate is one of
the promising ways.'>'® The fixation of CO, in the synthesis of
biodegradable polycarbonate not only eases dependence on pe-
troleum but also reduces the massive emission of CO,, which
can mitigate the greenhouse effect.

because of their

In previous works, high molecular weight poly(propylene car-
bonate) (PPC; M, > 250,000) has been successfully synthesized
from CO, and PO using supported catalyst under optimized
reaction conditions, and alternating PPC in very high yields
(126 g of polymer per gram catalyst) has also been synthesized
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successfully in our laboratory.'””"? PPC with alternating molec-
ular structure exhibits fairish mechanical properties and consid-
erable degradability in surroundings of both soil and buffer sol-
utions. However, poor thermal properties limit its practical
application areas.

PPC possesses many particular characteristics. Its amorphous na-
ture can endow many unique properties, such as highly oxygen
barrier property. On the other hand, to produce PPC-based films,
it is very important to improve its melt and static strength.?*=*
PBS is aliphatic polyester with semicrystalline structure and bio-
degradable nature. Because of its high crystallinity and crystalline
structure, it exhibits excellent mechanical properties and thermal
stability.””* In our previous work, we reported the miscibility and
properties of PPC/PBS blends.”® The compatibility between PPC
and PBS can be effectively improved by simple melt compound-
ing in the presence of compound containing reactive groups.
Both PPC and PBS have terminated hydroxyl groups, which can
then react with isocyanates to enhance the comprehensive proper-
ties of PPC/PBS blends (Figure 1). Numerous works using isocya-
nates as reactive agent have been reported.””*® For example, Zeng
et al.* used toluene diisocyanate as chain extender to synthesize
multiblock poly(ester urethane), consisting of poly(r-lactic acid)
and PBS blocks; Harada™ prepared PLA/PBS blends using lysine

J. APPL. POLYM. SCI. 2012, DOI: 10.1002/APP.38150



ARTICLE

e}
Il Hy H
H+0=C=0-C -—(I: OH + HO
CHs)

PPC

Applied Polymer

SCIENCE

9 q
(CH2)g—0~C—(CHy),—C—0O+—H
n

PBS

reactive processing agent: TTI

grafting

and cross- | path b o F:
linkin, i H: H
SEHE e H{o—c—o—cz-c%o’c\\

path c
side reactions
——

ZI

NCO o Q

). Q OT(CH,)4=0-C~(CHy);-C—O1-H
-C n
N™
H ©

NCO

\
NH { o o J‘
O~ (CHy)4-0-C—(CHy),-C—01TH
C n

v
N %
g B
PT(CH0-C=(CH~C=OTH
n

O’\
NH o o
Q OT(CH)40-C=(CH),-C~O1-H
N~ %

R

o]

Dimer, Trimer, Carbodiimide, Biuret, Allophanate

Figure 1. Reaction scheme of PPC, PBS, and TTIL

triisocyanate (LTI) and lysine diisocyanate (LDI), and they found
that the blends with LTT exhibited much better physical properties
than that with LDI.

In this work, PPC was blended with PBS in the presence of tri-
phenylmethane triisocyanate (TTI) in a twin-screw extruder.
The film from the as-made PPC/PBS blends with TTI as reac-
tive agent was then prepared using a single extruder connected
to a calendar. Finally, the orientated films were obtained, and
the morphology, crystallinity, and mechanical properties of the
films were investigated by different techniques.

Diphenyl-methane-diisocyanate (MDI) was also used in this
work to compare the effectiveness with TTI. We found that TTI
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exhibits much effectively compared with MDI when considering
the mechanical and thermal properties of the blends.

The novelties of this work are as follows: (1) TTI was used as
reactive agent for the coupling reaction between PBS and a new
copolymer of PPC and (2) the calendared film of PPC/PBS
blends was prepared and reported for the first time.

EXPERIMENTAL

Materials

The high molecular weight PPC [melt flow rate (MFR) (170°C,
2.16 kg) = 13.2 g/10 min], with a number-average molecular
weight (M,) of 125,000 Da and a polydispersity (PD) of 1.91,
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Table I. Temperature Profiles of Twin-Screw Extruder

ARTICLE -

Table II. Temperature Profiles of Single-Screw Extruder

Section #1 #2 #3 #4 #5 Die

Section #1 #2 #3 Die

Temperature (°C) 165 175 180 185 185 180

Temperature (°C) 175 180 185 160-210

was supplied by Tianguan Enterprise Group (Henan, China).
PBS [M,, = 64,000 Da, PD = 2.27, melting temperature (T,,) =
115°C, MFR (170°C, 2.16 kg) = 2.4 g/10 min] was obtained
from Hangzhou Hemao Polymers (Hangzhou, China) in pellet
form. Triphenylmethane-4,4',4”-triisocyanate (TTI) was pro-
vided by Hengbang Chemical Engineering (Changzhou, China).
PPC and PBS pellets were dried in a vacuum oven for 24 h at
80°C before blending.

Blending

PPC, PBS, and TTI were melt compounded into pellets in a
corotating twin-screw extruder (diameter = 50 mm, L/D = 40 :
1) at 100 rpm, and the temperature distribution is tabulated in
Table I. Different weight ratios of PPC and PBS to TTI were
mechanically mixed well in a high-speed mixer before melt
blending.

Film Calendaring

The calendared films were prepared by a single-screw extruder
(diameter = 20 mm, L/D = 25) which is attached to the calen-
dar die (width = 200 mm, gap thickness = 0.2 mm) and an I-
type three-roller calendar device. The profile of the calendar de-
vice is shown in Figure 2. In this work, all the three rollers and
the winder were kept the same linear speed; the rollers were
cooled by running water, the blend melt came out from the die
in sheet form, and then it became film after passing through
the gap of following two rollers. The produced film was cooled
down through the top roller followed by rolling up.

When calendared, the die temperature ranged from 160 to
210°C (Table II), and the screw speed was set to be 70 rpm.
Mechanical properties of the films were examined to monitor
and find out the optimal experimental conditions. Conse-
quently, the die temperature was selected to be 200°C, the screw
speed of single-screw extruder be 70 rpm, and calendar’s roller
speed be from 15 to 35 rpm.

MFR
The MFR of PPC/PBS blends were measured using a MFR tester
(MC-400C, Taiwan, China) at standard conditions of 170°C
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Figure 2. The schematic illustration of film calendaring.
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and 2.16 kg nominal load according to ASTM D 1238-82
standard.

Vicat Softening Point

The vicat softening point of the blends was measured using a
vicat tester (New SANS, Shenzhen, China) at 10 N load and
heating rate 50°C/h. The test was performed according to
ASTM D 1525. Six specimens have been examined for each type
of blends, and average value was reported accordingly.

Tensile Strength

100 x 15 mm’® rectangle samples were cut from the films for
tensile tests. The tensile tests were performed using a tempera-
ture-controlled tensile tester (New SANS, Shenzhen, China) at
25°C with a relative humidity of 50 £ 5%. The crosshead speed
of the dumb-bell bars was set at 50 mm/min, whereas that of
rectangle samples was 20 mm/min. Five specimens of each sam-
ple were tested, and the average results were recorded.

Tear Strength
The Graves tear strength of the films was measured according
to ASTM D 1004. The crosshead speed was set at 51 mm/min.

Essential Work of Fracture

The essential work of fracture was first suggested by Bro-
berg,’** and later developed by Cotterell, Mai, and their co-
workers”*™° on polymers and polymer films.

For the fracture of a precracked specimen, the total fracture
work (Wf) can be separated into the essential work of fracture
(W,) and the nonessential (plastic) work (W,). Thus, the total
fracture work can be written as:

W= W, + W, (1)

W, and W, are responding to the inner fracture process zone
and the outer plastic zone. The essential work of fracture repre-
sents the work at the end region in the vicinity of the crack tip
that initiates the crack. The nonessential work of fracture repre-
sents the work at the outer region that is responsible for the
plastic deformation of the material following crack initiation
and propagation.

According to the essential work of fracture (EWF) concept, W,
is essentially a surface energy; it is proportional to the ligament
length [ (for a given specimen thickness). W, is a volume
energy, which is proportional to > (also for a given specimen
thickness). So, the result is the following equation:

wp = Wf/lt =W, + lﬁWp. (2)

where wy, w,, and w, are the specific total fracture work, spe-
cific essential work of fracture, and specific plastic work, respec-
tively. ¢ is the specimen thickness and f is the plastic zone shape
factor.

J. APPL. POLYM. SCI. 2012, DOI: 10.1002/APP.38150
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Figure 3. Specimen geometry of EWF test.

It can be found that there is a linear relationship between the
specific work of fracture (wy) and ligament length (I). If we plot
wy versus [, the specific essential work of fracture (w,), and the
specific inessential work (fw,) can be obtained.

For the valid measurement of plane stress w, the ligament [ has
to satisfy the following equation:

(3—5)t <1< min(W/3 or 2rp,). (3)

where W is the width of the specimen, t is specimen thickness,
and r, is size of the plastic zone.

In this study, four different ligament sizes were selected (3, 5, 7,
and 9 mm), and three specimens were tested for each ligament
length. The geometry of the test specimen is shown in Figure 3.
The EWF test is designed to correlate the tear property as meas-
ured by the Graves tear test; therefore, the test speed was
selected as 51 mm/min. The test temperature was 25°C.

Differential Scanning Calorimetry Investigation

The samples were scanned with differential scanning calorimetry
(DSC; Netzsch 204, Burlington, Germany). To investigate the
thermal properties of the films, the temperature was initially
cooled from room temperature to —25°C at a rate of 10°C/min,
maintained at —25°C for a period of 3 min, and then increased
to 150 at 10°C/min. All the scanning processes were under a
protective atmosphere of N,.

Wide-Angle X-Ray Diffraction

Wide-angle X-ray diffraction (WAXD) measurements were per-
formed with an X-ray diffractometer (D/Max-IIIA, Rigaku, Ja-
pan) at a scanning speed of 5°/min with a 20 range of 5-40°.
The X-ray source was a 3-kW rotating anode X-ray generator
equipped with a rotating anode Cu target. Radial scans for spe-
cific 20 were obtained by fixing 20 and changing the azimuthal
angles ¢ from —90 to 90° (equator being 0°) with a rotating
sample holder at a rotating speed of 60°/min.

The degree of orientation of crystalline regions can be calculated
using the Hermans—Stein orientation function,*!

3(cos? . ,) — 1
fom O Pez) 7 (4)
2
fc is the Hermans-Stein orientation parameter, and ¢, is the
angle between the ¢ crystal axis and the drawing direction.
(cos? ¢ ) is the squared cosine of the angle between the ¢ crys-
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tal axis and the drawing direction. f, = 1 means perfect orienta-
tion with the drawing direction, f. = 0 for an isotropic sample,
andf. = —0.5 for a sample with complete perpendicular orienta-
tion with respect to the drawing direction.

(cos? ®(h),z)> the mean squared cosine of the angle between the
normal of a particular crystallographic plane and the stretching
direction, can be obtained from the azimuthal intensity distri-
bution, I(¢), by the following equation:

fon/z I(¢) sin ¢ cos® pd¢p
[ 1() sin pdgp

(5)

(cos® b z) =

Thn et al.*? have reported that the crystal structure of PBS is mono-
clinic with unit cell dimensions a = 0.523 nm, b = 0.908 nm,
¢=1.079 nm, = 123.9" (bLac). Wilchinsky’s treatment of uni-
axial orientation®® gives us a commonly used method to measure
(cos? ¢ ,) by WAXD. Two equations were derived as follows:

(c05” Bi.2) = € (co5* 1) + F(cos” by ) + g {cos” )
1+ 26f cos by 05 by ) + 2g(cos by, 05 b, )
+ 20g(cos oy cosdy ) (6)

(cos® dx ) + (cos’ by z) + (cos’ bez) =1 (7)

cos ¢y z, cos Py », and cos ¢, , as the respective set of director
cosines, e, j, and g are the direction cosines of the normal of
planes with respect to x, y, and ¢, respectively.

As the unit cell of PBS crystals is monoclinic, and b L ac,
(cos ¢x 7 cos dy ) = (cos py ; cos ¢ ;) = 0. Furthermore, (0 2 0)
and (1 1 0) are two highest diffraction peaks of the infraction
curve.

For the (0 2 0) plane, e =g =0,f =1, eq. (6) can be simplified
as follows:

(cos’ Poz0,z) = (cos’ by z)- (8)

For (1 1 0) plane, g =0,¢*+f> =1, eq. (6) can be simplified
as follows:

(cos bri0z2) = e’ (cos’ $xz) + (01— e”)(cos” byz)- (9)

According to the unit cell dimensions of PBS (a = 0.523 nm,
b=0.908 nm), e=0.867 can be calculated by trigonometry.
Combine egs. (7)-(9) and the value of e, {cos®¢.,) of PBS
crystals can be calculated as follows:

(cos? hez)=1- 1.33(cos’ Dr102) — 0.67(cos’ bor0z) (10

To quantify the molecular orientation in the amorphous phase, the
Hermans—Stein orientation function [eq. (4)] can be rewritten as™:

_ 3{cos? ) — 1

5 (11)

fam

where f,, is the amorphous orientation parameter, and ¢ is the
angle between the molecular chain and the drawing direction.
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Figure 4. MFR of PPC/35PBS blends with different TTI contents.

Scanning Electron Microscopy Observation

Specimens were prepared by fracturing the films in liquid nitro-
gen, and the fracture surface was coated with a thin layer of
gold, then, the morphology of the films were observed by scan-
ning electron microscopy (SEM; Jeol JSM-6330F).

RESULTS AND DISCUSSION

Preparation and Properties of PPC/PBS Blends

PPC was blended with 35 wt % PBS using varying amounts of
TTI as coupling agent. TTI was added at 0, 0.18, 0.36, and 0.54
wt % to the PPC/PBS blends (B1, B2, B3, and B4, respectively).
From the results shown in Figure 4, it can be seen that the
MFR of the blends decreased with increasing TTI content.
When TTI content was 0.54 wt %, MFR changed to 1.1 g/10
min. However, the one without TTI addition was 9.6 g/10 min.
This indicated that the molecular weight increased, when TTI
was added.

Table IIT shows the mechanical and thermal properties of PPC/
35% PBS blends with different contents of TTI. The tensile
strength of the blends improved slightly, but the strain at break
increased obviously. The strain at break for the sample with
0.36 wt % TTI was almost five times of the one without TTI
addition. This demonstrated that the compatibility between
PPC and PBS can be effectively enhanced in the presence of
TTL Also from Table III, the impact strength and Vicat soft
temperature of the blends increased with increasing TTI con-

Table III. Mechanical and Thermal Properties of the Blends with
Different TTI Contents

Vicat Tensile Impact
softening strength Elongation strength
Sample point (°C) (MPa) at break (%) (kJ/m?3)
B1 57.6 26.5 46.3 4.5
B2 63.2 27.2 128.4 7.6
B3 68.7 27.8 212.0 9.0
B4 65.1 271 340.1 8.1
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Table IV. Mechanical Properties of Calendared Films Prepared at Various
Die Temperature

Die temperature (°C)

160 170 180 190 200 210

Tensile strength (MPa)

MD 43.8 48.7 50.5 52.9 56.0 45.0

D 19.3 19.4 20.6 22.5 24.4 20.0
Elongation at break (%)

MD 126.8 1534 1518 1469 1525 184.7

D 98.6 116.4 1395 1893 2039 1534
Tear strength (N/mm)

MD 721 89.8 96.9 89.1 1045 799

TD 1574 191.7 1932 200.6 2232 1831

tent. In our previous work, we reported the mechanical proper-
ties of PPC/PBS blends without in the absence of any coupling
agent.”® By comparison to the past work, the addition of TTI
can enhance the mechanical properties of the blends. The tensile
strength increases to 27.8 MPa with the addition of 0.36 wt %
TTI, whereas it was just about 24 MPa in Pang’s work. The
optimal content of TTI was found to be 0.36 wt % TTL

Calendaring Condition Investigation

Table II shows the die temperatures for calendaring films, and
the mechanical properties of these films are listed in Table IV. It
can be seen that the tensile properties and tear properties in
both machine direction (MD) and TD increased with the
increase of die temperature when temperature was lower than
200°C, but decreased at the die temperature over 210°C. This
decrease is believed to result from the decomposition of either
PPC or PBS. In this connection, the die temperature was settled
at 200°C, and the different speeds of calendar roller are listed in
Table V.

Table V. Tensile Properties of Calendared Films with Different
Orientation Degrees

Sample

B3-15 B3-20 B3-25 B3-30 B3-35

Roller speed (rpm) 15 20 25 30 35
Degree of orientation

ffe 0.150 0.174 0.235 0.244 0.247

fam 0.0112 0.010 0.012 0.013 0.013
Tensile strength (MPa)

MD 48.1 51.8 55.4 57.4 60.4

TD 25.2 24.1 289 23.7 23.2
Elongation at break (%)

MD 1385 1279 1015 1334 1430

D 2225 1791 2036 216.8 2498

B3-35 means calendared film of B3 with the roller speed of 35 rpm.
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‘PE-SEM

Figure 5. The micrographs in MD direction (a—d correspond to A-D in Fig. 2, respectively).

Morphological of Orientation

There are two stages of orientation process during film forma-
tion: the first stage occurred between the die and calendar and
the second stage happened when it passed through the gap of
nether two rollers. To investigate the orientation of the first
stage, the machine was stopped suddenly during film calendar-
ing. Meanwhile, liquid nitrogen was sprinkled on the extruded
sheet between the die and the gap of nether two rollers. After
cooled down, the sample as shown in vertical view of Figure 2
were obtained and subjected to SEM examination.

The micrographs of A-D sections in MD are shown in Figure
5(a—d). No orientation was detected in both A and B sections,
but obvious orientations were observed in both C and D sec-
tions. Because of the lower volume fraction and the lower MFR
of PBS, the dispersed phases should be PBS. It can be seen that
spherical PBS phases were well dispersed within PPC matrix,
and they were elongated step by step from C to D sections. The
micrographs of final films in MD are shown in Figure 6(b). It
can be seen that much higher orientation occurred at second
stage. Orientation retraction happened in first stage at high
temperature, upon cooling, orientation was retained at second
stage of final film, indicating that second stage is critical for
orientation.

The different morphology between TD and MD is shown in
Figure 6(a, b). Orientation in MD is more obvious than that in
TD. Figure 6(c) is an enlarged picture in MD. PBS appeared fi-

J. APPL. POLYM. SCI. 2012, DOI: 10.1002/APP.38150
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brous shape bestrewed in PPC matrix, with diameter of about
300 nm. The in situ fibrillation is believed to contribute a lot to
the enhancement of as-made films.

Crystallization Changes

To investigate the crystallinity of the films, the WAXD of PPC,
PBS, and their blends were recorded and are shown in Figure
7(a). The neat PBS pattern shows strong peaks at 19.3, 21.7,
and 22.4°, which were assigned as (0 2 0), (02 1), and (1 1 0)
planes, in their turns, and a weak peak of the (1 1 1) plane at
28.7°.* These peaks are also found in Figure 7(a) with little
deviation, they were at 19.68, 21.62, 22.66, and 29.05° in turn.
Upon addition of TTI, all diffraction peaks became weaker, and
the crystallinity of the blend reduced from 18.9 to 12.6% when
0.36% TTI was added.

Comparing the WAXD curves of calendared films and PPC/PBS
blends in Figure 7(b), the crystallinity of the calendared films
were higher than that of PPC/PBS blends. The crystallinity
increased with increasing orientation degree. It should notice
that the diffraction peak of (0 2 1) in WAXD patterns of films
missed due to unclear change on crystal lattice of PBS under
highly stretch.

Improvement in Thermal Stability

It is well known that the increase in crystallinity can lead to the
increase of thermal stability. As discussed earlier, orientation
generally results in the increase of crystallinity for crystalline
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Figure 7. WAXD of PPC, PBS, blend, and films: (a) PPC, PBS, and their
blends and (b) films with different orientation degrees.

scan, revealing the incomplete crystallization of PBS during film
calendaring. The melting enthalpies in first and second heating
were 26.71 and 18.61 J/g, respectively, demonstrating the higher
crystallinity of PBS in calendared film. The improved thermal
stability data are given in Table VI.

Orientation Characterization
To avoid the influence of crystallographic peak, the saddle with
20 of 20.6° was chosen to investigate the degree of orientation

1137

Figure 6. The micrographs of calendared films in different directions: (a) 113.3
TD, (b) MD, and (c) enlarge view of (b).

polymers. Because of the crystalline nature of PBS, the calen- g
dared films of PPC/PBS blends should exhibit better thermal o
stability. § 271 —
c | B3-35
Figure 8 shows the DSC curves of first and second scan for the o
film B3-35. It is apparent that the T, from first scan was 27.1°, 33.8 -

whereas that from second scan was 33.8°. The lower T, from B3-block
first scan was resulted from the relax of the oriented amorphous o
phases. The crystallization peak became very apparent in the

first scan compared to the blend without orientation. Similarly,

two molten peaks at 104.5 and 113.3°C were observed in second Figure 8. DSC curve of calendared films.
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Temperature, °C

ol
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Table VI. Thermal Properties of Calendared Films

First heating

Sample Second heating B3-15 B3-25 B3-35
Ty (FRC) (FC) S38 27.2 26.8 26.7

Tm (°C) 104.5,113.3 113.3 113.7 113.7
AH,, (J/g) 18.61 22.08 24.59 26.71

in amorphous phase. (0 2 0) and (1 1 0) planes of PBS reflec-
tion were azimuthally scanned at 20 = 19.7 and 22.7°, and the
scanning angle ranges from —90 to 90°. Figure 9 shows radical
scan curve of B-35 at three different 20 values. The exhibition
of peaks indicated the existence of the orientation in both crys-
tal and amorphous region. The full width at half maximum
(FWHM) has linear relationship with the degree of orientation.
The degree of orientation increases with increasing FWHM. The
degree of orientation, which can be calculated from the data of
radical scan and egs. (4), (5), (10), and (11), is given in Table
V. The degree of orientation of both crystal and amorphous
increased with increasing roller speed. Moreover, the orientation
of amorphous phase was much smaller than crystalline region.
Presumably, the oriented molecular chain of amorphous phase
reverted back after being calendared owing to its low T, of
PPC. From the degree of orientation, we can see that the
enhancement in mechanical properties mainly depend on the
orientation degree of PBS crystalline region.

Mechanical Properties of Calendared Film

Due to the orientation, the mechanical properties of calendared
films were different in TD and MD sections. As shown in Table
V, the tensile strength in MD section was much higher than
that in TD. Moreover, the tensile strength in MD section
increased sharply with increasing the degree of orientation. The
tensile strength in MD section reached 60.4 MPa when the
degree of orientation for PBS crystals was 0.247.

Figure 10 shows the stress—strain curves in both TD and MD
sections. The stress decreased after yield point in TD section,
while exhibited a hard elastic behavior in MD section. The

(110)plane

s (020)plane

amorphous
L N N N Za I S I AL R NI NI DS I
80 -60 -40 -20 0O 20 40 60 80 100 120

azimuthal angle (degree)

Figure 9. Radical scan of amorphous and crystalline plane.
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Figure 10. Stress—strain curves in TD and MD directions.

stress increased continuously with increasing strain because of
the well-oriented structure of the film. In TD section, the
stress—strain behavior was similar with PPC/PBS blend due to
the lower degree of orientation of the film.

Two methods were used to investigate the tear properties of the
films, namely, Graves tear test and essential work of fracture
test. The tear strength obtained from Graves tear testing is listed
in Table VII. Contrary to tensile strength, the tear strength in
TD direction increased with increasing degree of orientation,
whereas it decreased in MD direction. All samples had superior
tear properties compared to commercial PE film.

Figure 11 depicts the load—displacement curves of MD and TD
directions for B2-35 sample. Both the maximum load and the
maximum displacement increased with increasing ligament size.
Hence, the total work of fracture, which is calculated as the area
under the curve, increased accordingly. Meanwhile, both maxi-
mum load and maximum elongation of TD direction were
higher than those of MD direction.

To describe the overall tear performance of films, two important
factors should be considered, that is, the intrinsic tear resist-

ance, which can indicate the initiation of tear, and the
Table VII. Tear Properties of Calendared Films
Sample
B3-15 B3-20 B3-25 B3-30 B3-35
Graves tear (N/mm)
MD 122.3 116.4 105.8 102.6 98.4
D 193.9 2011 214.2 222.5 230.1
EWF (kJ/m3)
MD 33.9 324 28.6 27.7 24.7
D 49.8 53.9 55.3 59.4 63.6
Slope (MJ/m?3)
MD 4.8 4.5 4.1 3.6 3.3
D 11.4 12.6 13.9 14.6 16.1
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Figure 11. Load-displacement curves from EWF tests: (a) TD direction
and (b) MD direction.

formation of microcrazes or voids in the process zone in front
of a crack tip. Choi*® established the relationship between tear
performance and EWF data. According to this theory, the
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Figure 12. Energy-ligament curves for TD and MD cracks of B3-35
sample.
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Figure 13. The relationship between EWF and Graves tear strength.

intrinsic tear resistance and whitening zone effect can be
explained by EWF and non-essential work of fracture (NEWF),
respectively. The former is the y-intercept of the fitted curve of
the energy-ligament diagram, and the latter is the slope of the
energy-ligament curve.

The energy-ligament curves are shown in Figure 12 for TD and
MD cracks, and the EWF test results are listed in Table VI. A
well-linear relationship between EWF data and orientation degree
can be seen in Figure 12. Both EWF and slope increased with
increasing orientation degree of TD direction, while decreased of
MD direction. Both Graves tear strength and EWF data showed
similar results. A well-correlated relationship between Graves tear
strength and EWF data are showed in Figure 13.

CONCLUSIONS

TTI was found to be an effective reactive compatibilizer for the
melt blending of PPC and PBS. The optimal mechanical proper-
ties of the blend were obtained using 0.36 wt % TTIL Uniaxial
orientation films of PPC/30%PBS blend can be readily prepared
by calendaring process. The optimized processing conditions are
die temperature of 200°C and screw speed of 70 rpm. The ori-
entation can in turn enhance both tensile and tear strengths of
the as-made films. The in situ formation of PBS fibrils well dis-
persed within PPC matrix is believed the main contribution of
this enhancement. Moreover, the increase in the crystallinity of
PBS phase within the blend can also improve the mechanical
strength and thermal stability of the films. Finally, the as-made
films exhibited better mechanical strength in MD section com-
pared with that in TD section. The highest tensile strength in
MD section and tear strength of TD direction were 60.4 MPa
and 230.1 N/mm, respectively, in case that the degree of orien-
tation was 0.247.
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