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ABSTRACT: The thermal stability of the heterogeneous nucleation effect of polypro-
pylene (PP) nucleated with an organic phosphate (A) and two kinds of sorbitol deriva-
tives (B and D) was investigated by DSC multiscanning. For pure PP, the peak
temperature of crystallization (7%) was little changed with an increasing number of
DSC scans, indicating that nucleation of PP is thermally stable. For the PP nucleated
with an organic phosphate (PPA), the temperatures at the onset of crystallization (7°2")
and at the completion of crystallization (7%); the peak temperature of crystallization
(T%) and melting (7%,); and the heat of crystallization (AH_) and fusion (AH,,) of PP are
higher than those of pure PP and were little influenced with an increasing number of
DSC scans. For PP nucleated with the sorbitol derivatives (PPB and PPD), the To", 7%,
T”, and T2, decreased with an increasing the number of scans. These results indicated
that the thermal stability of heterogeneous nucleation effect of the nucleating agent A
is higher than that of nucleating agents B and D. © 2002 John Wiley & Sons, Inc. J Appl

Polym Sci 83: 1643-1650, 2002
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INTRODUCTION

In the processing of polypropylene (PP), a nucle-
ating agent is usually used to reduce the size of
the PP spherulite, improve the optical clarity,
decrease the cycle time of the process, and en-
hance the mechanical properties.'~* Protection of
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environment is a topic of focus all over the world
today. Reuse of waste plastic is an important
method to resolve the problem of plastic waste.
Although nucleated PP has excellent properties,
there are few articles on the thermal stability of
the heterogeneous nucleation effect of PP nucle-
ated with a nucleating agent during reuse. Chen
et al.'% studied the thermal stability of the heter-
ogeneous nucleation effect of PP nucleated with
some nucleating agents. The effect of the number
of heating and cooling cycles on the crystallization
temperature of nucleated PP was characterized.
It was found that the crystallization temperature
of PP nucleated with aliphatic diacids gradually
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decreased in multiscanning while no change for
the PP nucleated with calcium carbonate, tereph-
thalic acid, and sodium benzoate was observed. It
was suggested that the thermal stability of het-
erogeneous nucleation effect of PP nucleated with
calcium carbonate, terephthalic acid, and sodium
benzoate is better than that of PP nucleated with
aliphatic diacids. Obviously, the thermal stability
of the heterogeneous nucleation effect of nucle-
ated PP depends on the type of nucleating agents.
In recent years, sorbitol derivatives and organic
phosphate have been found as new types of nu-
cleating agents with a high nucleating effect for
PP. But there is no article on the thermal stability
of the heterogeneous nucleation effect of PP nu-
cleated with sorbitol derivatives and organic
phosphate. In our laboratory, we investigated the
isothermal crystallization and melting character-
istics of injection samples of nucleated PP and the
crystallization behavior and melting characteris-
tics of the heterogeneous nucleation and self-nu-
cleation of injection samples of nucleated PP.15:17
In this article, multiple melting and crystallization
processes and the thermal stability of the heteroge-
neous nucleation effect of PP nucleated with two
kinds of sorbitol derivatives and an organic phos-
phate were inversitaged by DSC multiscanning.

EXPERIMENTAL

Materials

A commercial grade of PP (J 900 GP) was sup-
plied by the Idemitsu Petrochemical Co. Ltd (Ja-
pan). The nucleating agent A was sodium 2,2’'-
methylene-bis(4,6-di-tert-butylphenyl)phosphate
(tradename: NA-11) supplied by the Asahi Denko
Co. Ltd. (Japan). The nucleating agent B was
millad 3988 and D was bis(p-ethylbenzylidene)-
sorbitol (tradename: NC-4) supplied by Mitsul
Tontsu Chemicals (Japan).

Sample Preparation
Preparation of Nucleated PP Masterbatches

The nucleating agent was dissolved in a volatile
solvent and a solution was obtained. PP and the
solution were mixed in a high-speed blending ma-
chine. After the solvent evaporated completely, the
mixtures were extruded with a twin-screw SHJN-
200 extruder produced by the Xinli Plastic Mechan-
ical Factory of Nanjing Aerospace University. The
extruding temperatures were 205-220°C and the

screw rotation rate was 80 r/min. The nucleated PP
masterbatches containing 2.1% of the nucleating
agent were prepared and PP alone was also treated
similarly as was a blank sample.

Preparation of Injection Sample of Nucleated PP

The nucleated masterbatches and PP (w/w: 1/20)
were mixed. The tensile bars were injection-
molded by an 150ME-NC injection molder
(Zhengde Plastic Mechanical Ltd. Co.) with set
temperatures of 225-230°C. PP was mixed with a
blank sample, and the PPs nucleated with nucle-
ating agents A, B, and D were named PPA, PPB,
and PPD, respectively.

DSC Analysis

The DSC experiment was carried out in Perkin—
Elmer DSC-7 in a nitrogen atmosphere. The DSC
specimens were heated to 210°C at a rate of 20°C/
min, held at 210°C for 10 min, followed by cooling
to 50°C at a rate of 20°C/min. Then, the heating
and cooling process was carried out for multiscan-
ning at the same scanning condition.

RESULTS AND DISCUSSION

Crystallization and Melting Behavior of
Multiscanning of PP

Figure 1 shows the crystallization and melting
curves of PP in the DSC multiscanning processes.
The crystallization and melting results of pure PP
are shown in Table I. The temperatures at the
onset of crystallization (7.") and at the comple-
tion of crystallization (7%), the peak temperature
of crystallization (7%), and the heat of crystalli-
zation (AH,) did not change as the number of
DSC scans was increased. These results indicated
that the crystallization behavior of pure PP had
no change with an increasing number of DSC
scans. It can be seen from Table I that little in-
crease of the width in the low-temperature region
of the crystallization peak (AT} = T? — T%) was
observed, but the width in the high-temperature
region of the crystallization peak (AT? = T
— T?) decreased with an increasing number of
scans. The reason was that the 72" shifted to a
low temperature. It was suggested that it became
difficult for PP to nucleate after DSC multiscan-
ning, but for PP, once nucleated, the rate of crys-
tallization increased quickly. According to the
melting results, although the temperatures at the
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Figure 1 DSC (a) crystallization and (b) melting
curves of multiscan of PP.

Table I DSC Results of Multiscanned PP
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onset of melting (7)) and at the completion of
melting (77)) did not change, the peak tempera-
ture of melting (7T%,) decreased a little with an
increasing number of the scans. Due to the 7%,
shifting to a low temperature, the width in the
high-temperature region of the melting peak
(AT}, = T? — T?) increased and the width in the
low-temperature region of the melting peak (AT?,
= TP — T decreased. The degree of nominal
supercooling (AT, = T% — T?) also decreased in
the DSC multiscanning. However, the heat of
crystallization (AH,) and fusion (AH,,) of PP had
no significant change in the DSC multiscanning.

Crystallization and Melting Behavior of
Multiscanning of Nucleated PP

Crystallization and Melting Behavior of
Multiscanning of PPA

The crystallization and melting curves of PP nu-
cleated with nucleating agent A (PPA) are shown
in Figure 2. The crystallization and melting pa-
rameters of PP are seen in Table II. It can be seen
from Table II and Figure 2 that the 79", 7%, and
T’ of PPA did not change and were higher than
those of pure PP in the DSC multiscanning. The
AT} and AT? of PPA decreased as the number of
DSC scans was increased. The AT? of PPA was
obviously smaller than that of PP, which indi-
cated that the rate of crystallization of PPA was

No.  Te® ™ X AT} AT?2 T ", T/, AT. AT?%, AH, AH, AT,
Scan (°C) (°C) (°C) (C) (C) (C) (°C) (C) (C) (C) Wlg W (C)
1 1131 1086 996 9.0 45 1568 1627 1703 7.6 59 924 903 541

2 1132 1089 996 93 43 1569 1622 1702 80 53 923 917 533
3 1131 1090 996 94 41 1569 1619 1700 81 50 922 915 529
4 1131 1090 996 94 41 1569 1617 1700 83 48 923 918 527
5 1129 1089 995 94 40 1569 161.8 1699 81 49 922 919 529
6 113.0 1090 996 94 40 1567 1614 1700 86 47 922 919 524
7 1128 1089 995 94 39 1569 1619 1700 81 50 921 919 53.0

8 1128 1089 995 94 39 1569 1614 1700 86 45 920 918 525
9 1129 1090 996 94 39 1568 1620 1700 80 52 922 918 53.0
10 1128 1089 995 94 39 1568 161.8 1700 82 50 918 912 529
11 1129 1091 993 98 38 1568 1616 1700 84 48 917 913 525
12 1128 1089 995 94 39 1568 1614 1700 86 46 919 918 525
13 1129 1091 998 93 38 1568 1613 1700 87 45 918 921 522
14 1128 1089 995 94 39 1567 1612 1699 87 45 919 918 523
15 1130 1092 997 95 38 1567 1612 1700 88 45 922 919 520
16 1129 1090 993 97 39 1567 1611 1700 89 44 922 919 521
17 1127 1089 995 94 38 1567 1611 1700 89 44 918 919 522

AT} = T? — T, AT? = T® — T%, AT,, = T, — T%, AT, = T5, — Top, AT, = T%, — T%.
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Figure 2 DSC (a) crystallization and (b) melting
curves of multiscan of PPA.

Table II DSC Results of Multiscanned PPA

faster than that of neat PP due to the heteroge-
neous nucleation effect of the nucleating agent A.
It could be said that the thermal stability of the
heterogeneous nucleation effect of the nucleating
agent A was good and the heterogeneous nucle-
ation effect of the nucleating agent A for reused
PPA did not decrease.

According to the melting results, the 7%, of PPA
was higher than that of PP in the DSC multiscan-
ning. The shape of the melting peak of the DSC
curves of PPA differed from that of pure PP. The
peak width (AT,) of PPA and the AT} were
narrower than those of PP, but the ATZ was
wider than that of pure PP in the DSC multiscan-
ning. However, no change of the AT}, was ob-
served. Although the T, and 7%, of PPA were
higher than those of PP, the T”, of PPA was lower
than that of PP. Although a little decrease in the
T? of PPA was observed, the AH, and AH,, of
PPA did not change and were higher than those of
PP with an increasing number of DSC scans. This
also indicated that the heterogeneous nucleation
effect of nucleation agent A was stable in the DSC
multiheating and cooling processes.

Crystallization and Melting Behavior of
Multiscanning of PPB and PPD

The crystallization and melting curves of PPB
and PPD are shown in Figures 3 and 4, respec-

No. T ™" T AT AT T T® T/, ATY AT% AH, AH, AT,
Scan (°C) (°C) (°C) (°C) (°*C) (°C) (°C) (°C) (C) (°C) Wlg g (C)
1 1254 1217 1108 109 3.7 1573 1642 1687 45 69 956 985 425

2 1252 1218 1115 103 34 1580 1640 1685 45 6.0 950 995 422
3 1253 1219 1118 101 34 1582 1638 1682 44 56 943 992 419
4 1251 1217 1115 102 34 1583 1637 1679 42 54 945 992 420
5 1250 1217 1115 102 33 1583 1636 1679 43 53 944 988 419
6 1251 1217 1116 101 34 1583 1635 1679 44 52 943 987 418
7 1250 1217 1116 101 33 1582 1634 1679 45 52 942 995 417

8 1249 1216 1116 100 3.3 1585 1634 167.9 45 49 941 992 418
9 1249 1216 1116 100 3.3 1585 1634 1679 45 49 943 994 418
10 1247 1214 1115 99 33 1583 1633 1679 46 50 940 995 419
11 1248 1215 1116 99 33 1583 1633 1679 46 50 940 995 41.8
12 1247 1214 1115 99 33 1582 1632 1679 47 50 944 997 418
13 1247 1214 1115 99 33 1584 1633 1679 46 49 940 996 41.9
14 1248 1215 1116 99 33 1584 1633 1679 46 49 941 992 418
15 1246 1214 1115 99 32 1584 1633 1679 46 49 940 993 419
16 1246 1214 1115 99 32 1583 1632 1678 46 49 940 992 418
17 1246 1214 1115 99 32 1583 1632 1675 43 49 940 986 418

AT! = T2 = T/, AT? = Te" — T2, AT}, = T}, — T}, AT?,

=T — T, AT, = T3, — T%.
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Figure 3 DSC (a) crystallization and (b) melting
curves of multiscan of PBP.

tively. The crystallization and melting parame-
ters are shown in Tables III and IV, respectively.
It can been seen that the 7% of PPB and PPD
decreased before the 20" and the 5% scanning,
respectively, as the number of scans increased.
The 7% of PPB and PPD decreased significantly in
the first several scannings and finally was close to
the T? of pure PP. Because the heterogeneous
nucleation effect of nucleating agent B was higher
than that of nucleating agent D, the 7?2 of PPB
was higher than that of PPD. But the 7% of PPB
decreased more rapidly than that of PPD with an
increasing number of scans. Due to the worse
heterogeneous nucleation effect and the lower 7%
of PPD, the T? of PPD was close to that of pure PP
after the fourth scanning. It indicated that the
heterogeneous nucleation effect of nucleating
agent D of PPD had been lost. The 7% of PPB was
still higher than that of pure PP after the 24"
scanning. It indicated that although the hetero-
geneous nucleation effect of nucleating agent B
decreased quickly in the DSC multiscanning, it
still existed. The AT? of PPB increased in the

DSC multiscanning, also indicating that the rate
of crystallization decreased. Chen et al.'® studied
PP nucleated with aliphatic diacids. They ob-
served that the crystallization peak changed to
double peaks and then to a single peak again in
the multiscanning. But the single peaks of PP and
nucleated PP were observed in our experiment.

From the results of melting of PPB and PPD
samples, it could be seen that the T}, T%,, and
T’ decreased in the DSC multiscanning. This
meant that the crystals with a higher melting
point decreased and the perfection of crystals be-
came worse in the DSC multiscanning. The high-
temperature region of the melting peak of PPB
became wide gradually, but the opposite phenom-
enon was observed in the low-temperature region
of the melting peak of PPB. The reason was that
the T%, shifted to the low temperature.

The AH, and AH,, of PPB and PPD gradually
decreased in the DSC multiscanning. It indicated
that the heterogeneous nucleation effect of nucle-
ating agents B and D became worse. The AT, of
PPB increased with increase in the number of
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Figure 4 DSC (a) crystallization and (b) melting
curves of multiscan of PPD.
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Table III DSC Results of Multiscanned PPB

No. T ™ T, AT AT T T T/, AT. AT% AH, AH, AT,
Scan (°C) (°C) (°*C) (C) (*C) (°C) (°C) (C) (C) (O g g (C)
1 1227 1196 1103 93 31 1584 1646 1700 54 62 961 974 450
2 1203 1173 1078 95 3.0 1582 1633 1685 52 51 947 950 46.0
3 1188 1157 1049 108 3.1 1584 1632 1685 53 48 942 935 475
4 1172 1145 1040 105 27 1579 1628 1687 59 49 938 942 483
5 1166 1138 1034 104 28 1578 1628 1683 55 50 933 931 49.0
6 1161 1133 1024 109 28 1577 1624 1680 56 47 927 922 491
7 1154 1125 1022 103 29 1577 1617 1685 68 40 926 924 492
8 1148 1119 101.8 101 29 1573 1615 1685 7.0 42 927 923 496
9 1143 1114 1014 100 29 1571 1612 1683 7.1 41 925 910 498
10 1142 111.0 1011 99 32 1570 1612 1685 7.3 42 924 910 50.2
11 1141 1106 1010 96 35 1570 161.0 1685 75 40 922 910 504
12 1144 1105 1011 94 39 1569 1612 1685 7.3 43 923 90.7 50.7
13 1144 1102 1010 92 42 1568 1609 1685 76 41 919 911 507
14 1143 1101 1010 91 42 1568 160.7 1683 7.6 39 920 90.7 50.6
15 1142 1101 1010 91 41 1567 160.6 1685 7.9 39 917 913 505
16 1142 1101 1010 91 41 1567 1605 1685 80 38 916 912 504
17 1139 1099 1010 89 40 1566 1605 1685 80 39 916 912 50.6
18 1139 1100 1010 89 39 1566 1604 1685 81 38 920 910 504
19 1137 1099 1010 88 38 1565 1604 1685 81 39 921 911 505
20 1134 1096 1010 86 3.8 1565 1603 1685 82 3.8 914 910 507
21 1133 1096 1010 86 3.7 1564 1603 1685 82 3.9 916 909 50.7
22 1134 1097 1010 87 3.7 1564 1602 1685 83 3.8 917 909 505
23 1133 1095 101.0 85 3.8 1564 1602 1685 83 3.8 912 908 50.7
24 1132 1095 1010 85 3.7 1564 1602 1685 83 3.8 917 90.7 50.7

AT} = T2 =TI, AT? = T — T2, AT, = T/, — T%, AT?,

scans. The same phenomenon was observed for
PPD before the fifth scanning, but the AT, of PPD
did not change in the following scanning. It is

Table IV DSC Results of Multiscanned PPD

= T%, - T3, AT, = T%, - T2

known that the bigger the AT, the worse is the
heterogeneous nucleation effect. Therefore, the
heterogeneous nucleation effect of nucleating

No. Tom ™ T ATY  AT? Tor ", T, AT:  AT?2 AH, AH, AT,
Scan (°C) (°C) (°C) cC) O C) °C) °C) °C) cC) gy dlg (O
1 116.3 1122 1003 119 4.1 157.5 164.1 172.0 7.9 6.6 95.0 939 519
2 114.3 1108 100.1 10.7 35 1574 1629 1705 7.6 55 93.2 921 521
3 113.1  109.7 100.0 9.7 34 1574 1622 170.0 7.8 4.8 922 912 525
4 112.6 109.1 100.1 9.0 35 157.0 1619 170.5 8.6 4.9 929 918 528
5 1124 108.6 99.3 9.3 38 91.9
6 1124 1084 99.3 91 40 156.7 161.8 170.0 8.2 5.1 92.2 91.1 534
7 112.3 1084 99.3 91 39 1566 1620 1705 8.5 54 92,5 913 53.6
8 1124 1084 99.3 9.1 4.0 156.7 1620 170.0 8.0 5.3 93.0 912 536
9 112.6  108.6 99.3 93 40 1568 161.7 170.1 8.4 4.9 929 911 53.1
10 112.6  108.6 99.5 91 40 1568 161.8 169.6 7.8 5.0 929 899 532
11 112.7 108.6 99.6 9.0 41 156.7 1619 1694 7.5 5.2 92.8 905 533
12 112.8 108.6 99.5 9.1 42 156.7 161.7 169.2 7.5 5.0 92.0 896 53.1
13 112.8  108.7 99.5 9.2 4.1 156.7 161.6 169.2 7.6 4.9 915 89.7 529
14 112.9 108.8 99.6 9.2 41 156.7 161.6 169.2 7.6 4.9 91.8 899 528
AT = T2 — TL, AT? = T — T2, AT}, = Tf, — T2, AT?, = T2, — T, AT, = T%, — T%.
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agents B and D became worse and the rate of
crystallization of PPB and PPD decreased with an
increasing number of DSC scans.

Thermal Stability of Heterogeneous Nucleation
Effect of PP Nucleated with Different Nucleating
Agents

The above results indicate that the crystalliza-
tion temperatures of PPA were higher than
those of PPB, PPD, and pure PP. The crystalli-
zation temperatures of PPA and pure PP did not
change with an increasing number of DSC
scans. This meant that the thermal stability of
the heterogeneous nucleation effect of nucleat-
ing agent A was high and the nucleation effect
of pure PP was thermally stable. The crystalli-
zation temperatures of PPB and PPD gradually
shifted to lower temperature as the number of
DSC scans increased and the heterogeneous nu-
cleation effect of nucleating agent B and D was
low. The crystallization temperature of PPD
reached that of pure PP after the fifth scanning,
indicating the heterogeneous nucleation effect
of nucleating agent D in the PP was easily lost
in the process of DSC multiscanning. The 7% of
PPB decreased gradually and was still higher
that of pure PP after the 24" scanning, but that
of PPD was close to that of pure PP after the
fifth scanning. So, it could be said that the
thermal stability of nucleating agent B was bet-
ter than that of nucleating agent D in the pro-
cess of multiscanning.

Although the AT? of PPA was smaller than
that of PP, the AT? changed in the same way in
the DSC multiscanning and all decreased a little
for the first several number of scans and then did
not change. However, the AT? of PPB and PPD
significantly changed in the DSC multiscanning.
The AT? of PPB and PPD first decreased, then
increased, and finally decreased with an increas-
ing the number of scans. It might be related to the
thermal instability of the sorbitol derivatives. The
heterogeneous nucleation effect of nucleating
agents B and D gradually decreased with an in-
creasing number of DSC scans and the crystalli-
zation temperatures of nucleated PP decreased.
So the shape of the crystallization peak signifi-
cantly changed.

The melting temperatures of PP, PPA, PPB,
and PPD all decreased with increase of the
number of scans, but that of PPB and PPD
decreased more significantly than that of PP

and PPA. Because the melting points of poly-
mers are largely determined by the thickness of
the crystal lamellae, it indicated that the thick-
ness of the crystal lamellae decreased during
the multiscanning. The melting temperature of
PPD decreased mostly sharply during the first
4" scanning and then did not change in the
following scan. However, the 7%, of PPD was
higher than was the relevant 7%, of pure PP,
which indicated that the thickness of the crystal
lamellae was higher than that of pure PP. The
T% of PPB was lower than that of pure PP after
the eight scanning, meaning that, although the
nucleating effect of nucleating agent B existed,
the thickness of the crystal lamellae of PPB was
lower than that of pure PP.

The nominal supercooling degree (AT,) of PP
and PPA did not change, but that of PPB and PPD
increased with an increased number of scans. The
bigger the AT, the slower the crystallization rate
and the worse the nucleating effect. The crystal-
lization rate of pure PP and PPA did not change,
while the crystallization rate of PPB and PPD
decreased with an increased number of DSC
scans. It also meant that the heterogeneous nu-
cleation effect of nucleating agents B and D grad-
ually decreased in the DSC multiscanning pro-
cesses.
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