Annealing of Commercial Block Polypropylene.
I. Thermal and Physical Properties
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SYNOPSIS

Investigations were carried out regarding the effect of annealing of ethylene—propylene
block copolymer (block PP) moldings on their tensile impact strength (TIS), brittle tem-
perature (' Tb), and other mechanical properties. Annealing near the melting point improves
TIS and Tb as the result of recrystallization. With a system in which a minute amount of
talc is added as a nucleating agent, the degree of improving TIS through annealing is
considerably less than that with a nonnucleated system. The effect of annealing on the
impact strength is due to changes of fine texture and morphology of crystallites and is
explicable by recrystallization and polymer diffusion. © 1992 John Wiley & Sons, Inc.

INTRODUCTION

Polypropylene (PP) has various excellent properties
as a general purpose resin, such as thermal resis-
tance, rigidity, and chemical resistance. However,
its greatest disadvantages are its low impact strength
and high Tb temperature, which can be improved
by copolymerization with another olefin (generally
with ethylene) or blending with an elastomer, with
inevitably decreasing the high rigidity characteristics
of PP.

We have already proposed that annealing of PP
blends after their molding is effective as a means of
improving impact strength and Tbh without sacrific-
ing rigidity.)” There have also been reported some
similar studies.®>*

Commercial block polypropylenes have been pro-
duced through the first-stage polymerization to give
a homo-PP or a random copolymer of propylene with
a small amount of ethylene, followed by the second
stage to effect copolymerization of propylene and
ethylene. In some cases, a small amount of polyeth-
ylene (PE) has been produced in the second-stage
polymerization. Accordingly, a block PP can be re-
garded as a highly complicated composite of poly-
propylene, poly (ethylene-co-propylene) (PEP}, and
polyethylene >’

* To whom correspondence should be addressed.
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In the present report, in the same way as with
the study on PP blends, we studied the annealing
effect on several commercial block PPs regarding
mechanical properties and morphology.

EXPERIMENTAL

All polymers used were block PPs produced by To-
kuyama Soda Co., among which block PP-A and
PP-B were of commercial grade and PP-C was a
special sample of high ethylene content prepared
under similar condition. Table I shows compositions
and properties of the polymers, of which character-
izations were conducted in the same manner as in
the previous report’ in accordance with ASTM-
D1822 and ASTM-D746. The values of TIS in Table
I indicate the average of 10 measurements (n = 10).
The standard deviations of TIS values were less than
10% of the average values. The values of Th were
determined by the statistical law with the data mea-
sured at least at five different temperatures. Other
values in Table I were the average of the data mea-
sured with five test specimens. Measurement of iso-
thermal crystallization velocity was made by a dif-
ferential scanning calorimeter (Perkin-Elmer Co.,
Model DSC-1B), by first melting the sample in the
DSC sample holder at 230°C for 10 min, cooling it
to 120°C at a rate of 80°C /min, and then observing
exothermal peaks. Observation of the fracture sur-
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Table I Mechanical Properties of Annealed Commercial Block PP

Annealing TIS Tb YS TS E X 10° Elong. Crystallinity?
Sample Condition  (kgcm/em® (°C) (kg/em®) (kg/em®) (kg/em?) (%)  Hpg (%)
Block PP-A®* Unannealed 70 —0.5 238 346 2.7 960 85 56.8
Annealed
(110°C, 3 h) 30 — 265 306 3.0 840 — 58.2
Annealed
(140°C, 38 h) 121 —9.0 265 310 3.2 820 88 59.7
Block PP-B® Unannealed 66 —4.5 257 258 3.6 750 93 577
Annealed
(140°C, 3 h) 80 —9.5 241 224 4.6 270 95 65.3
Block PP-C® Unannealed 95 —31.0 218 319 3.1 710 88 54.4
Annealed
(110°C, 3 h) 116 — 216 216 3.2 590 — 58.5
Annealed
(140°C, 3 h) 122 —33.0 218 220 3.3 320 89 61.6
2 Block PP-A: MFI = 6.0 g/10 min; ethylene content = 6.2 wt %; talc content = 0 wt %.
® Block PP-B: MFI = 6.0 g/10 min; ethylene content = 6.2 wt %; talc content = 0.3 wt %.
* Block PP-C: MFI = 5.7 g/10 min; ethylene content = 12.0 wt %; talc content = 0.35 wt %.
4 Measured by X-ray diffraction.
faces of the TIS test pieces was usually conducted ] T I T T
immediately after property measurement by a scan- 160 140°C
ning electron microscope (SEM). The n-heptane-
extraction of the fracture surface of the TIS speci- o~ o ©
men was carried out with a Soxhlet extractor for 13 £ 130°C °
h under nitrogen. =
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RESULTS AND DISCUSSION "
Effects of Annealing Temperature and . SO‘F
Annealing Time
Table I summarizes the mechanical properties of 1
the three types of block PPs. Based on these data, 'L
the effect of annealing on the mechanical properties 0
of block PPs will be discussed regarding the effects 0r
of annealing temperature, talc addition, and ethylene g - o
cont'ent. ) > _W
Figure 1 shows the annealing temperature and T //./
annealing time on TIS and crystallinity of block PP- % OP/(
A. The values of TIS and crystallinity are saturated T 5
in a few hours of annealing and increase at higher S-" {_‘ N l

temperature.

The test pieces used in Table I and Figure 1 were
prepared at different times of the year and the tem-
perature of the cooling water for the compression-
molding also varied. The values of TIS and crystal-
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Figure 1 Dependence of TIS and crystallinity of block
PP-A on the annealing temperature and time.
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Figure 2 Relationship between TIS and crystallinity
in block PP-A. (TIS vs. crystallinity were plotted with all
data of Fig. 1.)
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Figure 3 Change of TIS of block PP-A annealed at
140°C for 5 h with the passage of time. TIS test pieces
were stored under 23°C and 50% RH: (@) unannealed;
(O) annealed.
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linity in Table I are, consequently, a little different
from those in Figure 1.

With the block PP-A not containing talc, an-
nealing effected increases in TIS (Fig. 1), Th, yield
strength (YS), elastic modulus (E}, and Rockwell
hardness (Hpy) of the polymer with an increase in
its crystallinity, in the same manner as with an-
nealing of the PP /PEP blend. On the other hand,
decreases in tensile strength (TS) and elongation
(Elong.) are observed (see Table I).

Figure 2 indicates the relationship between TISs
and crystallinities derived from the data in Figure
1 and suggests that the annealing effect of a block
PP on its impact strength is closely related to the
change in its crystal structure caused by annealing.

Figure 3 shows the time dependency of TIS when
a block PP-A after annealing was allowed to stand
at a room temperature. The TIS decreases by about
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Figure 4 Dynamic viscoelastic properties of block PP-
A: (@) unannealed; (O) annealed at 140°C for 3 h; a solid
line shows E” of the polymer (A-1) extracted with n-hep-
tane from unannealed block PP-A.
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Figure 5 Normalized DSC curves of TIS test pieces of
block PP-A (heating rate = 10°C/min}: dashed line shows
an unannealed sample (17.4 cal/g); solid line shows the
sample annealed at 140°C for 3 h (19.6 cal/g).

10% in about 15 days, but is then stabilized, sug-
gesting that the annealing effect is a partially irre-
versible phenomenon.

The above results are analogous to the annealing
effects observed with the PP/PEP and PP/PEP/
PE systems as reported in the preceding reports,
suggesting the possibility of a similar discussion for
the case of block PP.

Figure 4 shows the data of measurement of the
dynamic viscoelastic property. Although an increase
in the dynamic storage modulus E’ is observed at
above room temperature, no distinct change can be
observed at the temperature for the peak dynamic
loss modulus E”. In other words, although an in-
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Figure 6 Crystallization velocity of each block PP at
120°C with DSC.
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Figure 7 Fracture model for the annealing effect on
TIS and Tb of block PP. The sizes of core and shell rep-
resent those of block PP-A. The dots at the PP /PEP and
PEP/PE interfaces show the concentration of PEP crystal
in the transitional layer formed by annealing.

crease in rigidity due to the progress of crystalliza-
tion caused by annealing is observed in terms of
viscoelasticity, the glass transition behaviors of PP
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Figure 8 Relationship between Tb and crystallinity in
block PP-A and -B: (O) block PP-A; (®) block PP-B.
The data in Table I were plotted.
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Figure 9 SEM of fracture surfaces of TIS test pieces for block PP-A: {(a) unannealed;
(b) annealed at 140°C for 3 h; (c¢) sample (a) extracted with n-heptane; (d) sample (b)
extracted with n-heptane. The extraction was carried out in a Soxhlet extractor for 13 h

under nitrogen.

or PEP could not be determined from the measure-
ments in the present study.

Figure 5 illustrates the DSC curve for melting of
a TIS test piece of the block PP-A. The enthalpies
of fusion for the unannealed and annealed test pieces
are 17.4 cal /g and 19.6 cal /g, respectively. It is found
that annealing effected the shift of endothermal
peaks toward higher temperature and the establish-
ment of bimodality of the fusion profile, indicating
the occurrence of the growth and thickening of la-
mella crystals of PP.

Annealing Effect for Talc-Added System
(a) Influence of Talc Addition

When a small amount of talc is added to PP, it func-
tions as a nucleating agent to promote nucleation:
producing a large number of nuclei, hence, micron-
izing the crystallites and increasing the crystalli-
zation velocity as a whole. The merits of the talc
addition usually are as follows: improvement of
clarity due to micronization of crystallites, short-
ening of the molding cycle, and improvements in
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Figure 9 (Continued from the previous page)

yield strength and rigidity. On the other hand, de-
creases in elongation and impact strength occur.®
Figure 6 shows crystallization curves measured
by DSC. The times to reach the noncrystallinity of
50% were 167 s for the nonnucleated block PP-A,
48 s for the talc-added block PP-B, and less 38 s for
the ethylene-rich talc-added block PP-C. These data
on crystallization velocity show the effects of talc
addition and ethylene content as described above.
The block PP-B has the same melt viscosity and
ethylene content as that of the block PP-A and also
contains 0.3 wt % of talc. As shown in Table I, block
PP-B does not exhibit the same annealing effect of
improved impact strength even when the same heat

treatment as with block PP-A was applied. It also
supports that the annealing effect on the impact
strength of block PP closely relates to the crystalline
structure.

(b) Effect of Ethylene Content in
Talc-Added System

Block PP-C has a higher ethylene content than that
of block PP-B and contains the same talc content
as block PP-B. Because of its high ethylene content,
block PP-C exhibits excellent TIS and Tb even when
nonnucleated. As can be seen in Table I, an an-
nealing effect for block PP-C with the same tendency
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Figure 9 (Continued from the previous page)

as the talc-addition effect for block PP-B was ob-
served. In other words, the presence of a minute
amount of talc as a nucleating agent would lessen
the effect of improving TIS and Tb by annealing.
As for Tb, however, talc can be considered to be an
additive having an improving effect without an-
nealing.

Morphology and Fracture Model for Block PP

The improvement of impact strength of the annealed
block PP, that is, the annealing effect, can be qual-
itatively explained by the model of the PP /PEP/

PE system with transitional layers as shown in Fig-
ure 7'? in which the domain sizes represent block
PP-A. The dots at the PP/PEP and PEP/PE in-
terfaces in Figure 7 show the concentration of PEP
crystal in the transitional layer formed by annealing.

The PP matrix initially has a two-phase structure
consisting of a nearly perfect crystalline portion and
an amorphous portion with disordered molecular
chains, but by annealing, the progress of molecular
chain rearrangement would induce rejection of some
amorphous portions in between lamella crystals or
out of lamella crystal regions, so as to form amor-
phous regions on spherulite surfaces with less re-
striction.®? Such reduced restriction in the amor-
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Figure 9 (Continued from the previous page)

phous component due to the recrystallization leads
to the improvement in Th. On the other hand, the
partially crystalline PEP domain, by annealing,
would produce the relatively thick transitional layers
(a few thousand or more angstroms thickness) at
their interface with the PP matrix and the PE
Core.13’14

The thick transitional layer may be basic regard-
less of an interpenetration of macromolecular seg-
ments because the thickness of the interface between
immiscible polymers is normally a few tens ang-
stroms according to the thermodynamics. The thick
transitional layer seems to be a phenomenon at the

interface caused by the recrystallization and the
polymer diffusion promoted by the convection or
the thermal expansion during annealing. The tran-
sitional layer would be difficult to extract with hot
n-heptane. Such thickening of the interfacial zone
would effect an increase in the breaking strength of
the PP/PEP and PEP/PE interfaces and, hence,
an improvement in TIS.

In the morphology consisting of a core-shell
structure in Figure 7, the critical regions for craze
formation are located at the equator of the particle
{the equator being perpendicular to the applied
stress).’® Based on this model, an equation to ex-
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Figure 10 SEM of fracture surfaces of TIS test pieces for block PP-B: (a) unannealed;

(b) annealed at 140°C for 3 h.

press the annealing effect on impact strength can
be derived as follows:

Wb= (o, +ec*)+ (o, +07)+ o, (1)

where Wb represents impact stress; ¢,,, energy con-
sumed for breaking of the PP matrix, and ¢}, change
of ¢,, by annealing; ¢;, energy required for destruc-
tion of the interface between the PP matrix and
PEP dispersion, and ¢ , the change by annealing;
and o., energy consumed for deformation, or as heat,
by the PEP dispersion including the PE domain.

The degree of annealing, therefore, is expressed by
(% + o7 )ineq. (1).

First, the effect of talc addition on the behavior
of TIS on annealing will be discussed. As shown in
Table I, the values of the annealing effects (o},
+ ¢} ) for the TIS test pieces heat-treated at 140°C
for 3 h are observed to be 51 kg cm/cm? for block
PP-A and 14 kg cm/cm? for block PP-B; meanwhile,
the changes in crystallinity are an increase of 2.9%
(= 59.7% — 56.8% ) for block PP-A and an increase
of 7.6% (= 65.3% — 57.7%) for block PP-B. It is
understood from this finding that the difference in
recrystallization of a PP matrix is strongly related
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Figure 10 (Continued from the previous page)

to the outcome of the annealing effect on TIS. Two
relations as follows would be presumed: In a system
containing talc as a nucleating agent, recrystalli-
zation of the PP matrix would prevail. The diffusion
velocity of the polymer into crystallites would be
less, and, hence, the increase in the thickness of the
PP /PEP transitional layer would also be less. The
annealing effect with a system containing talc in the
same way as with a nonnucleated PP would be ex-
hibited so that marked progress in crystallization of
the PP matrix would increase the minus value of
¥ 80 much as to make the change in TIS very small
or of a minus value.

Next, the effect of talc addition on the behavior
of Tb on annealing will be discussed. Figure 8 shows
the relation between Tb and crystallinity for block
PP-A and block PP-B. The Tb values appear in the
order of the crystallinity, indicating that Tb is re-
duced with the progress in the crystallization of the
PP matrix. On annealing at 140°C for 3 h, block
PP-A and block PP-B reach nearly equal Tb values
in spite of the great difference (5.6% ) in their crys-
tallinities. In the annealing of the nonnucleated
block PP-A, it is postulated that formation of the
amorphous phase in the PP matrix closely related
to Th was nearly complete. On the other hand, in
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Figure 11 SEM of fracture surfaces of TIS test pieces for block PP-C: (a) unannealed;

(b) annealed at 140°C for 3 h.

the annealing of the talc-added block PP-B, it is
postulated that crystallization in spherulites, which
does not directly contribute to brittle fracture, pro-
gressed further.

Observation of Fracture Surface
of TIS Test Pieces

After determination of TIS at room temperature,
the fracture surface of the test piece was observed
by SEM. Figure 9 shows the fracture surface of block
PP-A. On the fracture surface of the specimen before

heat treatment in Figure 9(a), there are found nu-
merous PEP particles of about 2-3 microns in di-
ameter; but on that of the specimen annealed at
140°C for 3 h in Figure 9(b), the existence of PEP
particles is very hard to recognize. To make further
confirmation, the test pieces after fracture testing
were subjected to an extraction with n-heptane in
nitrogen for 13 h and then to an observation of the
fracture surface in the same manner as above, to
obtain the results as shown in Figure 9(c) and (d).
The dispersed particles of about 1-2 microns ob-
served in both the photographs represent the PE
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Figure 11 (Continued from the previous page)

particles that originally existed in the PEP domain
and remained without being extracted. It can be
confirmed that the number and size of voids corre-
sponding to the extracted PEP phase markedly de-
crease on the n-heptane-extracted fracture surface
of the specimen annealed [Fig. 9(d)] as compared
with that of the unannealed specimen {Fig. 9(c)].
It can be presumed from the model of the disperse
phase of annealed block PP-A in Figure 7 that the
existence of PEP particles may become hard to rec-
ognize, if the fracture is advanced at the inner in-
terface of the transitional layer because of increasing
of the bonding strength of the annealed polymer in-
terface.

On the other hand, Figures 10 and 11 show the
fracture surfaces of the TIS test pieces of block PP-
B and block PP-C, each containing a minute amount
of talc, respectively. The marked changes in the
number and size of the PEP domains before and
after annealing are not discernible in Figures 10 and
11. Likewise, as related to the difference in the eth-
ylene content of block PP, the appearance of the
PEP dispersion phase did not differ before and after
annealing. Figures 10 and 11 thus support the un-
derstanding of the authors regarding the crystalli-
zation behavior and polymer diffusion on annealing
of a talc-added system as related to the TIS of block
PP-B and block PP-C, respectively.



CONCLUSIONS

Commercial block polypropylene, a composite of PP,
PEP, and PE, exhibits an annealing effect much
analogous to that for a blend of these components.
Annealing of moldings is effective as a means of im-
proving impact strength and hardness, at the same
time, of a block PP. The impact strength improved
by annealing is stably maintained for a long period
of time, although with a little drop at the initial
stage.

The annealing effect on impact strength is esti-
mated to come from the phenomenon that with the
recrystallization of the matrix PP the amorphous
component is rejected to outside of the lamella crys-
tal region so as to decrease the glass transition tem-
perature of the whole composite!® and the effect of
thickening of the transitional layers caused by the
mutual thermal diffusion of polymers in the interface
between the PEP domain and the matrix PP.

The nucleating action of talc reduces the an-
nealing effect on TIS, because it induces preferen-
tially recrystallization of the matrix PP so as to hin-
der the mutual thermal diffusion on annealing.

The annealing effect for commercial block PP is
interesting as a technique to improve the impact
strength and the hardness simultaneously. Further-
more, the balance between the impact strength and
the hardness can be widely controlled using a nu-
cleating agent.
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