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The Microstructure of quenched and annealed iPP films was investigated by means of
differential scanning calorimetry (DSC), density measurements, wide-angle X-ray diffraction
(WAXD) and dynamic mechanical spectrometry (DMS). It was found that quenched iPP can
be described as a biphasic material constituted of an amorphous phase strongly cross-linked
by many crystalline entities exhibiting both small size and very low degree of perfection.
Such microcrystallites act as true physical ties of the amorphous phase. On increasing the
annealing temperature from 20 °C (quenched film) to 160 °C, the crystallinity ratio first
remained constant for annealing temperatures between 20 and 93°C and then it increased.
Subsequently, both size and degree of perfection of crystalline entities progressively
increased and tended towards the characteristics of the monoclinic phase. This resulted in
a progressive decrease in the physical cross-linking degree of the amorphous phase, even

for the samples exhibiting the highest crystallinity ratio.

1. Introduction
Isotactic polypropylene (PP) displays three well-
known crystalline structures, namely, monoclinic (o
form), hexagonal (B form) and triclinic (y form) [1, 2].
The o form, the most stable and compact form, which
predominates, is obtained under the usual crystalliza-
tion conditions [2-4]. The B form is less prevalent and
results from a particular crystallization mode, i.e. ap-
plied shear stress during processing [2, 5]. Finally, the
v form is the rarest and it is favoured by a low
molecular weight of PP and high pressure [6—8].
Quenching the molten polymer leads to a phase
exhibiting an intermediate crystalline order, the pre-
cise nature of which is still disputed in the literature.
As the X-ray diffraction trace of quenched isotactic
polypropylene film displays two broad and diffuse
diffraction profiles, it is suggested that the quenched
polymer is a two-phase system, ie. amorphous and
paracrystalline phases [9]. According to Miller [9]
and Zannetti et al. [10], this paracrystalline phase is
three-dimensionally ordered but with a high incidence
of crystallographic defects. Alternatively, Bodor et al.
[11], using X-ray techniques, suggest that the quen-
ched form of isotactic polypropylene is composed
of microcrystallites of monoclinic habit. Gezowich
and Geil [12] agree with the microcrystallinity, but
propose a hexagonal habit. According to McAllister
et al. [13], this quenched form is composed of
microcrystalline arrays of cubic or tetragonal symmetry.
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From mathematical X-ray peak separation performed
on quenched PP diffractograms, McAllister et al. [13]
estimated the crystallite size of such a form to be about
3 nm. These results are in agreement with the crystal-
lite size data of the paracrystalline phase of quenched
PP reported by Hsu et al. [14] using electron micro-
scopy. Other structural models have been proposed by
Natta [15], regarding the quenched form of PP as
a “frozen liquid” structure and sometimes described as
a “smectic phase”, and by Grebowicz et al. [16], con-
sidering the quenched form of isotactic polypropylene
as a condis crystal. From infrared experiments and
X-ray diffraction analysis, Glotin et al. [17] and
Hendra et al. [18] suggest that the quenched form of
isotactic polypropylene is composed of rods of or-
dered helical molecules which are not coherent, i.e.
they are not packed into déveloped three-dimensional
crystalline micelles. According to Saraf and Porter
[197], this smectic phase is formed by 3/1 helices highly
oriented, but the lateral packing of such helices is
highly disordered.

From a model of the X-ray diffraction pattern of
quenched isotactic polypropylene film, Corradini
et al. [20] agree with such a structural description
of the mesomorphic phase.. Moreover, these authors
show that the local correlations between chains
are probably nearer to those characterizing the
crystal structure of the monoclinic form than to those
characteristic of the structure of the hexagonal form.
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The paracrystalline or smectic phase of isotactic
polypropylene is relatively stable at room temperature
for long periods of time but transforms into the
monoclinic form when heated above 60°C [10,
21-26]. Thus, it was suggested that, on annealing,
there is a decrease in the amount of both the amorph-
ous and the paracrystalline phases. Subsequently, the
amount of monoclinic phase, the crystal size, and the
degree of perfection are increased [24--26]. The trans-
formation of the paracrystalline phase into the mono-
clinic form, occurring either on annealing samples at
various temperatures or on isochronal scans, was an-
alysed through various experimental techniques such
as wide-angle X-ray diffraction (WAXD), density and
sorption of dichloromethane vapour at low activity,
and differential scanning calorimetry (DSC).

In the present work, the microstructure of quenched
and annealed films of isotactic polypropylene (iPP)
films was investigated through the analysis of both the
crystalline phase and the magnitude of interactions
between phases, i.e. the cross-linking degree of the
amorphous phase by the crystalline entities. Thus, the
crystalline phase characteristics of quenched and an-
nealed films were analysed by using DSC, WAXD and
density measurements.

The magnitude of interactions between phases was
evaluated using dynamic mechanical spectrometry
(DMS).

In Part II of this paper [27], the mechanical proper-
ties of these films are discussed in view of the micro-
structural analysis detailed in this paper.

2. Experimental procedure

2.1. Materials

Isotactic polypropylene used in this work has a given
tactic purity of 97% and mean molecular weights
M, = 62000 and M,, = 250000. Sheets of quenched
isotactic polypropylene films (iPP) with thicknesses of
about 40 pm were provided by CRV Pechiney Com-
pany (France).

As-received films were annealed for 10 min at four
temperatures, i.e. 70, 93, 135 and 160°C. The as-re-
ceived film is denoted Q, and the annealed samples A,
followed by the annealing temperatures, i.e. A70, A93,
A135 and A160.

2.2. Wide-angle X-ray diffraction (WAXD)
The wide-angle X-ray diffractograms of as-received
and annealed samples were recorded at room tempera-
ture by using a Siemens D500 diffractometer (Cuk,,
nickel-filtered radiation) with 0.02° (20) scan in-
crements.

2.3. Density

The density of as-received and annealed samples was
evaluated by using a high-precision top-loading elec-
tronic Mettler balance. The density was determined by
immersing the sample in a mixture of dodecane, the
density of which is known.
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The density of the sample was determined through
the relationship

M

4= 3, = 31 Joet

1)

where M, is the weight of the PP sample in air, M is
the measured weight of PP sample immersed in
dodecane, and dg,q is the density of the dodecane at
the experimental temperature.

2.4. Differential scanning calorimetry (DSC)
Differential scanning calorimetry (DSC) was carried
out over the temperature range from —30 to
+200°C using a Perkin—Elmer DSC 7 instrument
purged with helium gas and chilled with liquid nitro-
gen. In general, about 10 mg samples of the quenched
polypropylene film were used. DSC traces were re-
corded at different heating rates from 5-50 °C min ~ .
Thermograms were calibrated by scanning melting-
point substances, i.e. n-octadecane and indium, at the
same heating rate. This allowed two corrections to
the ordinate, both of which are essential for
detailed comparisons to be made. One of these is
the correction for thermal lag in the differential
control loop obtained from the leading edge slope of
indium and n-octadecane endotherm. The other, of
particular interest when comparing different scan
rates, is for thermal lag in the average ¢ontrol loop
which adds directly to any error in the calibration.
Baselines were determined by running an empty can
at the same rate of the analysed samples, giving
a curve which was subtracted from the specimen ther-
mograms.

2.5. Dynamic mechanical spectrometry (DMS)
Dynamic mechanical experiments were performed on
(10 x 5)mm? sheets of polypropylene films by using
a Polymer Laboratories Dynamic Mechanical Tensile
‘Analyser (DMTA) over the temperature range — 50
to 4+ 100°C at three frequencies, 1, 5 and 10 Hz. This
set up provides the real, E’, and imaginary, E”, parts
of dynamic tensile modulus and tand (= E"/E’) as
functions of temperature for the three frequencies.

The aim of such an investigation was to analyse the
dynamic mechanical behaviour of the amorphous
phase in the glass temperature range of the quenched
and annealed iPP films in order to evaluate the magni-
tude of interactions between phases.

3. Results and discussion

3.1. Differential scanning calorimetry (DSC)
Fig. 1 shows the thermograms of a quenched iPP film
recorded on increasing the temperature at 5, 10, 20, 40
and 50°C min .

Melting points were calibrated by scanning
melting-point substances, ie. n-octadecane and in-
dium at, respectively, the same scan rate. All thermo-
grams exhibit three peaks defined as Ty, T, and T3
on increasing the temperature. Thus, the thermogram
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Figure I Thermograms of quenched iPP films recorded on increasing the temperature at the five following heating rates: (a) 5, (b) 10, (c) 20, (d)
40 and (e) 50 °C min ~*. Inset: an enlargement of the thermogram recorded at 10°C min .

TABLE I Characteristic values determined from thermograms recorded at various heating rates: (a) melting points are calibrated for each

heating rate, (b) melting points are calibrated at the same heating rate (
endothermic peak, the exothermic maximum and the main upper end

10°C min~'). Ty, T, and T; are the temperature locations of the first
othermic peak, respectively

Heating (a) With calibration for each heating rate (b) Without specific calibration

rate

(*Cmin~1) T, AH, T, AH, T3 AH; X, T, AH, T, AH, Ts yAH; X,

O dg™H O dg') (0 g™ (W O Jdg™) O (g™ (O Tg™hH) (%)

5 64 5+2 9.5 —7+£2 1650 92 67 48 2+2 918 —9+2 1659 96 70

10 64 442 1015 —9+2 1626 83 60 64 442 1015 —9+2 1626 83 60

20 64 5+2 1032 —84+2 1613 83 60 66 8+2 1043 —6+2 1629 83 60

40 68 542 1054 —9+2 160.5 79 57 70 942 107.1 —6+2 1634 83 60

50 68 642 1062 —8+2 161.1 78 57 73 7+2 1078 —7+2 161.0 82 59

recorded at 10°C min !

transitions:

shows the three following

(i) an endothermic peak (T;) located in the tempera-
ture range 40-80 °C and centred at ca. 64 °C;

{(ii) an exothermic peak (T,) ranging from
80—-120 °C and centred at about 100°C;

(ii1) a large endothermic peak (T;) located at about
160 °C.

As both the first endothermic peak (T,) and the
exothermic peak (T,) are not observed for isotactic
polypropylene crystallized under the usual conditions,
these peaks can be ascribed to specific phase
transitions occurring in the quenched form of iPP.
This is in agreement with the literature [ 14, 28].

In order to obtain evidence for the influence of the
calibration conditions, Table I shows the characteri-
stic values determined from thermograms at various

heating rates and calibrated for each scan rate
compared to those determined without specific cali-
bration. It can be noted that, without specific cali-
bration, at any heating rate, the first endothermic peak
(T4), appears to be strongly shifted towards higher
temperature with increasing scan rate, while it reimains
almost unchanged when specific calibration is used.
Thus, the apparent rate dependence of such
a transition could lead to the wrong conclusion about
the origin of such an endothermic peak when no
specific calibration is performed.

Accordingly, in agreement with Fichera and Zan-
netti [29], it can be concluded that T, exhibiting no
true heating-rate dependence, could be due to the
melting of crystalline entities which show small size
and/or low degree of perfection.

On increasing the heating rate from 5°C min~!
to 50°C min~!, the exothermic peak, T,, is shifted
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towards higher temperature. Such a heating-rate
dependence of T,, detected even for the lowest
scan rates, suggests that this transition could result
from a crystallization phenomenon which is a well-
known thermally activated process, i.e. heating-rate
dependent. This agrees with other reports [25, 26]
which have related this exothermic process to a para-
crystalline or smectic phase —» monoclinic form
transition.

Because of the uncertainties in the precise deter-
minations of both melting and crystallization enthal-
pies of these two transitions which appear very weak,
it can be concluded that no significant changes in
these values can be detected on increasing the scan
rate.

The shift of the upper melting peak, T, related to
the melting of the thickest and more perfect crystallites
of monoclinic habit towards the higher temperatures
with decreasing the heating rate, suggests that some
annealing occurs on heating, The subsequent increase
in the crystallinity ratio observed with decreasing scan
rate agrees with such a conclusion. Moreover, what-
ever the heating rate, no change in the slope of the
baseline characteristic of the glass transition can be
detected. This could. suggest that the amorphous
phase is strongly physically cross-linked by the cry-
stalline entities in such a polymer.

Thus, quenched iPP films exhibit a double melting
behaviour as do many other polymers, for example
PEEK [30, 31], polyethylene [32, 33] and polyethy-
lene oxyde [34]. According to the literature [23-26,
35, 36], the complex melting behaviour of isotactic
polypropylene could result from melting and recrys-
tallization phenomena of initial microcrystallites or
smectic phase developed on quenching. Such an inter-
pretation is supported by many authors for numerous
polymers [30, 37-40]. Then, quenched polypropylene
film could be a two-phase system, i.e. amorph-
ous—paracrystalline phase. According to this inter-
pretation, the exothermic peak, T,, could be related to
a recrystallization phenomenon of the original dis-
torted crystallites.

According to this explanation, the crystallization
enthalpy shown by the quenched polypropylene film
on an isochronal run must be of the same order as the
melting enthalpy of the lamellae of monoclinic habit.
But, from enthalpy values reported in Table I, it can
be seen that the enthalpy related to the melting of the
thickest lamellae (AH,) is about ten times higher than
the crystallization enthalpy (AH,), i.c. the energy is
apparently not conserved, which is not consistent with
the energy-conservation principle.

Such a difference between melting and crystalliza-
tion enthalpies can be interpreted as follows.

(i) The as-received quenched polypropylene could
not be a two but a three-phase system, i.e. amorph-
ous—paracrystalline phase—monoclinic phase. Accord-
ing to the DSC experiments, the amount of mon-
oclinic phase could be significantly higher than that of
the paracrystalline phase. Thus, the double melting
behaviour of quenched isotactic polypropylene films
could be due to the presence of two initial populations

1190

of crystallites, as was suggested for many other poly-
mers [31, 32, 41] exhibiting a similar complex melting
behaviour. But, the pattern of the X-ray diffractogram
showing two broad reflection profiles (see after) is not
consistent with the presence of a monoclinic form as
the main phase. Then, this assumption, based on an
initial three-phase system, could not be retained.

(ii) the apparent difference between the melting and
crystallization enthalpy, exhibited by quenched poly-
propylene films on isochronal runs, could result from
successive transitions which overlap on increasing the
temperature. Thus, on an isochronal run, the less
stable microcrystallites begin to melt from 40 °C. Such
melting of the crystalline entities could induce a de-
crease in the cross-linking degree of the amorphous
phase, ie. molecular mobility is enhanced. Conse-

quently, the crystallization resulting from the growth

of the remaining microcrystallites could occur. Thus,
with increasing temperature, the microcrystallites pro-
gressively melt, while almost simultaneously, new
crystallites which are increasingly thicker and/or
stable are formed.

Thus, the enthalpies of both the endotherm related
to the melting of the microcrystallites and the crystal-
lization exotherm determined from the area under
each characteristic peak, are not truly representative
of each transition considered separately. Such
transitions, occurring almost simultaneously, overlap
on increasing the temperature, leading to a minimi-
zation of their respective measured enthalpy. More-
over, some overlapping of melting and crystallization
of the newly formed thickest lamellae, on increasing
the temperature, could occur, leading again to a mini-
mization of the observed crystallization peak area.
Then, as the thickest and/or more perfect crystalline
lamellae result from the crystallization process in-
duced by the melting of the primary microcrystallites,
the crystallinity index could be determined, as a first
approximation, from the area under the main en-
dothermic peak, T, related to the melting of the
newly formed crystallites on heating. For a scan rate
of 10°C min %, a crystallinity ratio of about 60% was
found by using a melting enthalpy value of the mono-
clinic phase equal to 137 Jg~* [33].

Fig. 2 shows the thermograms recorded at 10°C
min ~* for samples annealed for 10 min at 70, 93, 135
and 160 °C. The thermogram of quenched iPP film is
given as reference. Characteristic values of transitions
are reported in Table IL

On increasing the annealing temperature from
20°C (quenched sample) to 135 °C, the first endother-
mic peak (T,) is strongly shifted towards the higher
temperatures while the location of T3 remains un-
changed. The sample annealed at the highest tempera-
ture, i.e. 160 °C, exhibits only one endothermic peak
(T5) located at about 172 °C. Moreover, the crystal-
linity index is almost constant for samples annealed
between 20 and 93 °C and then, it increases for sam-
ples annealed at 135 and 160°C. Accordingly, with
increasing annealing temperature, it is proposed that
microcrystallites become increasingly thicker and/or
stable leading to the observed shift of T; towards the
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Figure 2 Thermograms recorded at 10°Cmin~" for (a) quenched iPP films, or samples annealed for 10 minutes at (b) 70°C, (c) 93°C, (d)

135°C and (e) 160°C.

TABLE II Characteristic values determined from thermograms
recorded at 10°C min ~*! for quenched (Q) and annealed (A) iPP
samples

Samples T, T, AH; X,
(°C) (°C Ug™h (%)
Q 64.0 162.6 83.0 60
A70 81.5 163.8 81.5 60
A93 100.8 162.8 85.0 62
A135 132.5 162.8 97.0 70
A160 - 172.0 117.5 85

higher temperatures. The sample annealed at 160 °C
exhibits only one endothermic peak (T;). This could
indicate that such an annealing results in the trans-
formation of distorted microcrystallite into the lamel-
lae of monoclinic habit exhibiting the largest size
and/or the highest degree of perfection.

3.2. Wide-angle X-ray diffraction (WAXD)
Fig. 3 shows the wide-angle X-ray diffractograms of
quenched (Q) and annealed (A) samples for 10 min at
70, 93, 135 and 160°C.

The as-received sample (Q) displays the well-known
X-ray diffractogram usually observed for quenched
isotactic polypropylene film [17, 23-26], ie. two
broad reflection profiles at 20 = 15° and 21°. This
X-ray spectrum differs from that recorded for isotactic
polypropylene crystallized under the usual conditions
[13, 23, 25]. In fact, « and B phases show respectively,
four and five main well-defined reflection profiles in
the same analysis angular range.

Thus, the two broad X-ray diffraction peaks exhi-
bited by the quenched iPP film could result from the
widening and overlapping of the main different peaks
related to the monoclinic [11] and/or the hexagonal
phases [28]. Such a broadening of the characteristic
X-ray peaks of the monoclinic and/or the hexagonal
phases observed in quenched iPP film could result
from the two following origins: (i) the small size of
the crystallites according to the well-known De-
bye-Scherrer equation in which the mean crystallite
size is inversely related to the width at half-height of
the reflection profile; and (ii) the lattice distortions
because these crystalline entities are very distorted
crystals showing an intermediate order between glass
and crystalline phases.

Then, as suggested by Vittoria [23], the reciprocal
of the half-height of the diffraction peak (1/4) located
at about 15° (26) is chosen as a reliable parameter to
evaluate both the size and perfection degree of crystal-
lites, i.e. (1/A) increases with increasing size and/or
perfection degree.

Table III lists the characteristic parameter values
obtained from diffractom analysis for quenched and
annealed samples. The (1/A4) value determined for the
sample annealed at 70 °C is equal to that of the quen-
ched specimen.

It can be noted in Fig. 3 that the diffractogram
patterns displayed by the quenched and annealed
sample at 70 °C are similar. On increasing the anneal-
ing temperature to above 70 °C, a clear resolution of the
doublet in four diffraction peaks can be observed. As
shown in Fig. 4, the (1/4) parameter is progressively
intreased on increasing the annealing temperature
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Figure 3 Wide-angle X-ray diffractograms displayed by (a) quenched iPP, and samples annealed for 10 minutes at (b) 70°C, (c) 93°C, (d)
135°C and (e) 160 °C. Inset: an enlargement of the X-ray diffractogram of quenched iPP.

TABLE III Characteristics values determined for diffractograms displayed by quenched (Q) and annealed (A) samples at various

temperatures 70, 93, 135 and 160°C

Samples Locations of the diffraction profiles, 26 (deg) 1

()

(deg™")
Q 153 21.3 - - 0.28
AT0 15.0 214 - - 0.28
A93 14.1 16.9 18.6 220 0.64
Al135 14.1 17.1 18.7 21.3 1.23
A160 14.1 17.1 18.8 21.3 1.78
Monoclinic® 14.0 17.0 18.8 21.3 -
Structure (h, k, I) (110) 040) (130) (111

* The characteristic parameters of the monoclinic form of the isotactic polypropylene are given for comparison [42].

from 70°C to 160°C. In agreement, with Vittoria
[23-26], this could indicate the appearance of a cry-
stalline phase of a monoclinic kind. The locations of
diffraction peaks displayed by annealed samples al-
most superimpose those shown by the monoclinic
phase of isotactic polypropylene [33, 42].

Thus, on increasing the annealing temperature from
70°C to 160 °C, WAXD experiments provide evidence
for an increase in the size and/or the degree of perfec-
tion of the crystalline entities. Tne sample annealed at
160 °C shows the more perfect crystalline phase.

3.3. Density measurements

Fig. 5 shows the evolution of the density of samples
versus the annealing temperature. Density first linearly
increases on increasing the annealing temperature from
20 °C (quenched sample) to 135 °C and then exhibits an
increase for an annealing temperature of 160°C. As
crystallinity ratios of samples annealed at 70 and 93 °C
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are equal to that displayed by the quenched sample, we
can deduce that the weak increase in density found for
such annealed samples could result from an increase in
the degree of perfection of the crystalline phase. The
significant increase in density determined for the
samples annealed at 135 and 160 °C could result from
the increase in both the crystallinity ratio and the
degree of perfection of the crystallites.

Thus, according to WAXD, DSC and density
measurements, the microstructure of quenched and
annealed iPP films can be discussed as follows,

(i) Quenched iPP film and samples annealed at
70°C are both biphasic materials, i.e. an amorphous
phase reinforced by distorted microcrystallites. More-
over, from DSC and density measurements, it can be
concluded that the size and/or degree of perfection of
microcrystallites of the annealed sample are higher
than those of the crystalline entities of quenched
iPP film.
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Figure 5 Evolution of the density of the analysed samples versus
the annealing temperature.

As no significant change in the (1/A4) parameter was
detected for the annealed sample at 70°C from
WAXD experiments, it can be suggested that the
growth and increase in degree of perfection of micro-
erystallites could occur in a direction different from
the c-axis [43].

(i) The sample annealed at 160 °C, exhibiting a sig-
nificant increase in the crystallinity ratio with respect
to other samples, is also a two-phase material, i.e. an
amorphous phase reinforced by thick crystallites of
monoclinic habit which exhibit a high degree of per-
fection.

(ii) From WAXD experiments, it could be sugges-
ted that samples annealed at 93 and 135 °C exhibit an
intermediate microstructure of the crystalline phase
between that displayed by the quenched iPP film (and
sample annealed at 70°C) and that shown by the
sample annealed at 160°C. In fact, diffractograms
recorded for the samples annealed at 93 and 135°C
provide evidence for four diffraction peaks, as in the
sample annealed at 160 °C, but the reflection profiles
are very large. Therefore, such annealed samples could
be assumed to be either three-phase materials, i.e. an
amorphous phase-distorted microcrystallites—crystal-
lites of monoclinic habit, or two-phase systems, i.e. an

amorphous phase reinforced by microcrystallites, the
size and degree of perfection of which are significantly
higher than those displayed by the quenched iPP film
and the sample annealed at 70 °C.

According to the above discussion, it can be con-
cluded that the crystallinity ratio can be accurately
determined from density measurements for only
the quenched iPP film and the sample annealed at
160°C. In fact, the crystallinity ratio, X, of such
biphasic materials, is determined from the following

equation
d.fd—d
— —c a 2
xo= (=% o

where d is the measured density of the analysed
sample, d, is the density of the amorphous phase equal
to 0.856 gem ~3 [23-26], and d, is the density of the
crystalline phase. For monoclinic phase and paracrys-
talline (or microcrystallites) phase, d. is taken, respec-
tively, equal to 0.936 and 0.916 gem~* [25]. The
crystallinity ratios of the quenched iPP films and the
sample annealed at 160 °C are 67% and 85%, respec-
tively.

For samples annealed at intermediate temperatures,
X. cannot be determined accurately from density
measurements, as described above, because the den-
sity of the crystalline phase, d, progressively increases
from 0.916-0.936 gcm ~® with increasing annealing
temperature. )

3.4. Dynamic mechanical spectrometry (DMS)
An original and complementary method to those pre-
viously used to characterize the microstructure of
semicrystalline polymers is the dynamic mechanical

“spectrometry (DMS) carried out in the glass tempera-

ture range of such polymers. Such an experimental
technique could furnish information on the micro-
structure of the amorphous phase assessed in terms of
molecular motion ability of the macromolecular
chains. Isochronal spectra of quenched iPP film and
samples annealed at 70, 93, 135 and 160°C are re-
corded on increasing the temperature at 0.5 °C min ~*
and at three frequencies 1, 5 and 10 Hz.

For example, the isochronal spectra recorded at
10 Hz for the quenched iPP film are shown in Fig. 6.
For the three frequencies, dynamic mechanical spectra
show a well-defined relaxation located at about 15 °C.
A drop in modulus is associated at such a tan 6 maxi-
mum. In agreement with Hsu et al. [14] and Cerere
et al. [447, such a mechanical relaxation is related to
the glass transition, T,, of quenched iPP film. We
recall that T, was not detected from DSC experiments.
Moreover, at about 70 °C, a less-defined maximum of
tand can be seen, which could be related to the
transitions occurring in the crystalline phase.

Fig. 7 shows isochronal tand spectra recorded at
10 Hz for the samples annealed at the different tem-
peratures. The tan 3 spectrum of quenched iPP films is
given as reference. The annealed samples do not dis-
play the weak maximum of tand observed for the
quenched film.
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spectra for quenched (Q) and annealed (A) samples at 70, 93, 135

and 160°C .
Samples Tians mas’  Ea® Ig*
(°C) (kY mol 1) (Arb. units)

Q 17.0 470 033

A70 14.5 385 0.83

A93 12.5 370 0.77

Al35 10.0 320 0.76

Al60 10.0 300 0.50
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Figure 6 Plots of (a) log E’ and (b) tand versus temperature at
10 Hz for quenched iPP film.
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Figure 7 Isochronal tan & spectra recorded at 10 Hz for (a) quen-

ched iPP films, and samples annealed at (b) 70°C, (¢} 93°C, (d)
135°C and (e) 160°C.

Changes in microstructure of the amorphous phase
induced on increasing the annealing temperature can
be assessed through the determination of the following
parameters:

(i) the temperature location of the tan & maximum
for a given frequency;

(i) the apparent activation energy, E,, of the mech-
anical relaxation related to T, which can be assessed
in a first approximation from the well-known
Arrhenius law

fr=toewn( - 2 ®)
where f7 is the frequency of the tan § maximum curve
at temperature T, and f, is the pre-exponential factor.
In spite of the fact that the frequency dependence of
the mechanical relaxation related to T, obeys rather
a WLF equation, i.c. the activation energy varies with
temperature, such an Arrhenius law allows evaluation
of an apparent activation energy in a given tempera-
ture range;

(iii) the magnitude of the mechanical relaxation, Iy,
is assessed through the determination of the area un-
der the tan 3 peak recorded at 10 Hz. Such an area is
determined after subtracting the baseline taken as
a straight line tangent to the right and the left side
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® T'ans max temperature of the maximum in tand at 10 Hz.
* E,, apparent activation energy.
¢ Iy, magnitude of the tan§ spectrum at 10 Hz.

minima preceding and following the tan 8 peak. I is
expressed in arbitrary unit.

Table IV lists the values of such characteristic para-
meters determined for quenched iPP film and an-
nealed samples. On increasing the annealing temper-
ature from 20 °C to 160 °C, the main changes in char-
acteristics of the mechanical relaxation related to T,
are:

(1) the tand maximum recorded at 10 Hz is pro-
gressively shifted towards the lower temperatures
from 17°C to 10°C;

(ii) the apparent activation energy decreases from
470 kI mole ! to 300 kT mole ™ ;

(ii1) the magnitude of the mechanical relaxation, Iy,
passes through a maximum (0.83 arb. units) for the
sample annealed at 70°C.

Such changes in the characteristics of the mechani-
cal relaxation related to T, can be interpreted in terms
of modification of molecular mobility of chains in the
amorphous phase, i.e. changes in the physical cross-
linking degree of the amorphous phase by the crystal-
line phase.

Thus, based on the previous microstructural analy-
sis performed by DSC and WAXD techniques, such
changes in the physical cross-linking of the amorph-
ous phase can be discussed as follows.

(1) As-quenched iPP film and samples annealed at
70 and 93 °C exhibit the same crystallinity ratio; the
increase in the magnitude of the relaxation accom-
panied by a shift of the mechanical relaxation towards
the lower temperatures (and a decrease in the appa-
rent activation energy) observed for both the annealed
samples can be due to a strong decrease in the physical
cross-linking degree of the amorphous phase dis-
played by such samples with respect to that of the
quenched film. Such an effect could result from an
increase in the size of the crystallites in annealed
samples as suggested by DSC and WAXD experi-
ments. In fact, crystallites act as physical ties for the
amorphous phase [44-46] and an increase in their
sizes (for a constant crystallinity ratio) leads to a de-
crease in the interactions between the two phases. It
can be noted that the physical cross-linking degree of
the quenched iPP film is the highest. This could con-
firm that the crystalline phase in such a sample could
be constituted by crystalline entities of very low size.



(i1) In spite of the crystallinity ratios being the high-
est for the samples annealed at 135 and 160 °C, it can
be noted that such annealed samples display a stron-
ger shift of the tand peak towards a lower temper-
ature, accompanied by an increase in the magnitude of
the relaxation (with respect to that of the quenched
sample). This suggests that the increase in the crystal-
linity ratio characteristic of an enhancement of the
reinforcement effect displayed by the annealed sample
is strongly counterbalanced by the large size of the
crystallites. Thus, this results in a decrease in the
physical cross-linking degree of the amorphous phase
in these annealed samples.

4. Conclusion

The microstructure of quenched isotactic and an-
nealed iPP films was investigated by using differential
scanning calorimetry (DSC), wide-angle X-ray diffrac-
tion (WAXD), density measurements, and dynamic
mechanical spectrometry (DMS).

The crystallinity ratio, size and degree of perfection
of the crystalline entities have been evaluated by DSC,
WAXD and density measurements. Dynamic mecha-
nical spectrometry has provided evidence for the phys-
ical cross-linking degree of the amorphous phase in-
duced by the crystalline phase.

Thus, quenched iPP film is found to be a biphasic
material, i.e. an amorphous phase strongly cross-linked
by microcrystallites exhibiting small size and a very
low degree of perfection.

On increasing the annealing temperature from
20 °C (quenched sample) to 160 °C, (i) the crystallinity
ratio first remains constant for annealing temper-
atures up to 93 °C and then progressively increases, (ii)
the size and degree of perfection of crystalline entities
both increase. The sample annealed at 160°C is
a two-phase material composed of an amorphous
phase reinforced by the largest crystallites of mon-
oclinic habit. Samples annealed at 93 and 135°C can
be either a biphasic material, ie. amorphous
phase—crystalline entities, which tend to the mon-
oclinic habit, or a three-phase system, i.e. amorphous
phase—crystalline entities—crystallites, of monoclinic
habit; (iii) the physical cross-linking degree of the
amorphous phase by the crystalline phase progress-
ively decreases.
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