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Abstract

In this manuscript, studies on the crystalline memory effect in syndiotactic polypropylene (s-PP) were focused on the effect of prior melt
annealing on the subsequent isothermal crystallization kinetics, crystalline structure, lamellar morphology, and subsequent melting behavior
using a combination of differential scanning calorimetry (DSC), wide-angle X-ray diffraction (WAXD), and small-angle X-ray scattering
(SAXS) techniques. On partial melting, choices of the fusion temperature used to melt the samples played an important role in determining
the overall rate of isothermal crystallization, while they had no effect on the resulting values of the apparent crystallinity content, the long
period, the lamellar thickness, and the low-melting peak temperature. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

It is well established that nucleation mechanisms play an
important role in crystallization of polymers either from
solution or from melt. Nucleation mechanisms can be
categorized into two main processes: primary and secondary
nucleation (i.e. subsequent crystal growth). Primary nuclea-
tion is defined as the origination of crystalline phase from
the polymer solution or the melt. It can be categorized into
two types depending on the physical origins of the nucleus
(i.e. chemical make-up of the critical nucleus when compar-
ing with that of the surface onto which the critical nucleus is
formed): homogeneous and heterogeneous nucleation.
Secondary nucleation is defined as a surface nucleation on
an existing growth face, which is responsible for further
growth of the activated nucleus.

In actual processings of a semicrystalline polymer,
primary nucleation mechanism and rate are characterized
and controlled mainly by not only the presence of infusible
heterogeneous nuclei (e.g. catalyst residues, nucleation
agents, impurities, etc.), but the processing history (viz.
dictated by temperature, pressure, stress, etc.) as well.
Because of their importance in determining overall crystal-
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lization kinetics and morphology, it is necessary that the
nucleation mechanism and rate are better understood. It is
therefore very important that the influences of impurities,
additives, nucleating agents, and especially ‘crystalline
memory effect’ on crystallization behavior be thoroughly
investigated. The latter refers to clusters of molecules that
retain their crystallographic arrangement of crystals as a
result of insufficient or partial melting conditions, and,
upon subsequent cooling, these aggregates of clusters of
molecules can act as predetermined athermal nucleation
sites (provided they exceed the critical nucleus size,
required for crystallization at a specific temperature)
which can greatly enhance the overall crystallization rate.
This phenomenon is also referred to as ‘self-nucleation
effect.’

Since, in actual polymer processings, a polymer part is
not only subjected to thermal treatments, but to mechanical
manipulations as well. Such mechanical deformational
histories can lead to preferred orientation of polymer
molecules which in itself can enhance nucleation rate.
This effect is referred to as ‘orientational memory effect’.
Both types of memory effects can greatly affect the crystal-
lization behavior during subsequent cooling of the polymer
part. To eliminate both kinds of memory effects, it is neces-
sary to keep the part at a sufficiently high fusion temperature
T; for a sufficiently long period of time (depending on the
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fusion temperature 7; used) in order to eradicate as many
traces of crystalline and oriented aggregates as possible (i.e.
complete melting). Practically, a fusion temperature 7} for
attaining complete melting is chosen such that it is greater
than the equilibrium melting temperature T, of the polymer
of interest (T > Tr?]). In some cases however, we wish to
use these memory effects to preferably control the overall
crystallization rate or morphology of the crystallizing
polymer. Thus, we need to understand the characteristics
of these effects in detail.

Due to their important influence on the crystallization
behavior of polymers, memory effects (i.e. either in the
context of the crystalline or orientation memory effect, or
both) have been of considerable interest and have been
studied by several investigators [1—15]. Recently, Supaphol
and Spruiell [16] have reported studies on the crystalline
memory effects in isothermal crystallization of syndiotactic
polypropylene (s-PP), which were mainly dealt with the
effects of heating rate ¢, fusion temperature 7}, and holding
time #, on the effective total concentration of predetermined
nuclei N, and the effective average spherulite diameter D.

In this manuscript, we focus on the effect of prior melt
annealing on the subsequent isothermal crystallization
kinetics, crystalline structure, lamellar morphology, and
subsequent melting behavior of three commercial grade
s-PP resins using a combination of differential scanning
calorimetry (DSC), wide-angle X-ray diffraction (WAXD),
and small-angle X-ray scattering (SAXS) techniques. This
can be carried out by studying subsequent isothermal and
melting behavior of s-PP samples melted at various choices
of the fusion temperature 7;for a fixed holding time #,,. Even
though the effect of T; on the crystallization kinetics of
polymers and the interpretation of such an effect based on
the concept of self-nucleation have been well-documented
(see, for example, Refs. [1-15]), it is guaranteed to the
best of our knowedge that there have not been prior studies
of s-PP on the similar aspects.

2. Theoretical background

Isothermal bulk crystallization kinetics of semicrystalline
polymers is commonly analyzed from the DSC crystalliza-
tion exotherms [17—19] based primarily on the assumption
that the evolution of crystallinity is linearly proportional to
the evolution of heat released during the course of crystal-
lization. Based on this notion, the relative crystallinity as a
function of time 6(f) can be obtained according to the
following equation:

t
J, (o)
o) = St A € 0.1], ()
Jo ()
o\ dr
where ¢ and ¢t = oo are the elapsed time during the course of
crystallization and at the end of crystallization process,

respectively, and dH. is the enthalpy of crystallization
released during an infinitesimal time interval dr.

In order to quantitatively describe the macroscopic
evolution of crystallinity during primary crystallization
under quiescent isothermal conditions, a number of macro-
kinetic models have been proposed over the past sixty years:
they are, for examples, the so-called ‘Avrami’ [20-26], the
Tobin [27-29], the Malkin [30], and the Urbanovici—Segal
[31] models. Very recently, qualitative comparison among
the four macrokinetic models was performed on isothermal
crystallization data of s-PP [32]. The results suggested that
the isothermal crystallization data of s-PP were best
described by the Urbanovici—Segal model, followed by
the Avrami, Malkin, and Tobin models, respectively.
Since the kinetics information obtained from both Avrami
and Urbanovici—Segal models is related and is compara-
tively of great interest, the isothermal crystallization data
obtained in this study are analyzed according to these two
models.

In the Avrami model [20—26], the relative crystallinity as
a function of time 6(¢) relates to the crystallization time ¢
according to the equation:

o) = 1 — exp[—(K,n™] € [0, 1], @

where K, and n, are the Avrami crystallization rate constant
and the Avrami exponent, respectively. It should be noted
that both K, and n, are constants specific to a given crystal-
line morphology and type of nucleation for a particular
crystallization condition [33], and the dimension of K, is
given in [time] "

While in the Urbanovici—Segal model [31], which is
essentially a generalization of the Avrami model, the
relationship between the relative crystallinity as a function
of time 6(¢) and the crystallization time 7 is written as

00 =1—[1+(— DK"™1"""" €0,1], 3)

where K, and ny are the Urbanovici—Segal crystallization
rate constant and the Urbanovici—Segal exponent, respec-
tively. r is a parameter satisfying the condition » > 0. At the
condition where r— 1, the Urbanovici—Segal model
becomes identical to the Avrami model [31]. This simply
means that parameter r is merely the factor determining the
degree of deviation of the Urbanovici—Segal model from
the Avrami model. It is also worth noting that both K
and n,s have similar physical meanings to the Avrami
kinetics parameters (i.e. K, and n,), and that the dimension
of K is also given in [time '].

3. Experimental details
3.1. Materials
The s-PP resins used in this study were supplied in pellet

form by Fina Oil and Chemical Company (La Porte, Texas,
USA). Molecular characterization of these materials was
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Table 1
Characterization data of as-received syndiotactic polypropylene resins

Racemic
pentads (%rrrr)

Racemic
dyads (%r)

Racemic
triads (%rr)

Ethylene
content (Wt%)

Sample  Intrinsic M, M, M, M, /M,
viscosity (dl g™

s-PP#1 1.61 76 200 165000 290 000 2.2

s-PP#2 1.80 52300 195000 450000 3.7

s-PP#4 1.61 81300 171 000 294 000 2.1

77.1 87.3 914 1.3
74.6 83.1 87.4 0.6
74.6 84.4 89.2 0.3

carried out by Dr Roger A. Phillips and his coworkers at
Basell USA, Inc. (Elkton, Maryland, USA). The results are
listed in Table 1. It should be noted that the unusually high
degree of polydispersity observed for s-PP#2 resin is due to
the bimodal molecular weight distribution the resin exhibits.

3.2. Sample preparation

The standard film for each s-PP resin was prepared from
sliced pellets melt-pressed at 190°C between a pair of
polyimide films which in turn were sandwiched between a
pair of stainless steel platens, in a Wabash compression
molding machine under a pressure of 4.62 X 10> MN m .
After 10 min holding time, the film of ca. 280 wm thick was
taken out and allowed to cool at the ambient condition down
to room temperature between the two metal platens. This
treatment assumes that previous thermo-mechanical history
was essentially erased, and provides a standard crystalline
memory condition for the as-prepared film.

3.3. Experimental procedures and techniques

In order to gain a complete understanding towards the
effect of partial or complete melting on isothermal crystal-
lization and subsequent melting behavior of these s-PP
resins, two separate experiments were carried out. The
first was to use DSC technique to investigate the effect of
partial or complete melting on the behavior of isothermal
crystallization as well as the kinetics of the process (here-
after referred to as the DSC experiment), while the second
was to use a combination of WAXD, SAXS, and DSC
techniques to investigate the effect of partial or complete
melting on the morphological aspect of isothermal crystal-
lization and subsequent melting behavior (hereafter referred
to as the WAXD/SAXS/DSC experiment).

3.3.1. The DSC Experiment

In this experiment, a DSC (DSC-7, Perkin—Elmer) was
used to follow isothermal crystallization and subsequent
melting behavior of these s-PP resins. Calibration for the
temperature scale was carried out using a pure indium
standard (7% = 156.6°C and AH{ =28.5J g~ ") on every
other run to ensure accuracy and reliability of the data
obtained. To minimize thermal lag between polymer sample
and DSC furnace, each sample holder was loaded with a cut
piece from the as-prepared films, each of which weighed
around 4.8 = 0.2 mg. It is worth noting that each sample
was used only once and all the runs were carried out

under nitrogen atmosphere to prevent extensive thermal
degradation.

The experiment started with heating each sample from
—40°C at a heating rate of 80°C min "' to a desired fusion
temperature Ty, ranging from 128 to 200°C. In order to
minimize the number of variable parameters, the time
interval of the sample was kept at each specified T; (i.e.
the holding time #,) was fixed for 5 min. After this period,
each sample was rapidly cooled (i.e. around 200°C min ")
from T to a fixed crystallization temperature T, of 85°C,
where it was held until the crystallization process was
considered complete (when no significant change in the
heat flow as a function of time was further observed).
The isothermal crystallization exotherms and the sub-
sequent melting endotherms recorded at a heating rate
of 20°C min~' for various values of 7; were further
analyzed to obtain relevant information on the effect
of partial or complete melting on isothermal crystalliza-
tion and subsequent melting behavior of these s-PP
resins.

3.3.2. The WAXD/SAXS/DSC experiment

The notion of this experiment was to simulate the
conditions set forth in the DSC experiment so that the
information related to the morphological aspect can be
obtained via the employment of a combination of WAXD,
SAXS, and DSC techniques. The ‘test’ samples used in this
experiment (performed only on s-PP#2 resin) were cut from
the as-prepared film into a circular shape having a diameter
of ca. 1 cm, placed between two clean glass slides, and
brought to melt in a Mettler hot-stage at a desired fusion
temperature Ty, ranging from 130 to 190°C. After the 5 min
holding time at each 7; the samples were quickly
transferred to isothermally crystallize in another Mettler
hot-stage at the crystallization temperature 7, of 85°C.
After complete crystallization at 7., the samples were
quenched in liquid nitrogen to minimize further change in
the morphology and crystallinity. Finally, SAXS and
WAXD techniques were employed on these ‘test’ samples
to acquire related information on morphological aspects,
while DSC technique was used to obtain related information
on subsequent melting behavior (the melting endotherms
were recorded at a heating rate of 20°C min~') of these
samples. The same measurements were also carried out on
a ‘blank’ sample, which was cut from the as-prepared film
into the dimension and shape similar to those of the ‘test’
samples. The information obtained on the ‘test’ samples will
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be compared with that obtained on the ‘blank’ sample so
that solid conclusion can be drawn.

The WAXD intensity patterns were collected on a
Rigaku—Denki 12 kW rotating anode generator and diffract-
ometer equipped with a computerized data collection and
analytical system. The monochromatized X-ray beam was
CuK,, radiation (A = 1.54 A). The operating condition of
the X-ray source was set at a voltage of 35 kV and a current
of 40 mA.

The SAXS intensity data were collected on the ORNL 10-
m SAXS instrument [34,35], with a sample-to-detector
distance of 5.12 m using CuK, radiation (A = 1.54 A) and a
20 X 20 cm? two-dimensional position-sensitive area detector
with each virtual cell element size of about 3 mm apart.
Corrections were made for instrumental backgrounds, dark
current due to cosmic radiation and electronic noises in the
detector circuitry, and the detector non-uniformity and effi-
ciency (via an Fe™ radioactive isotope standard which emits
X-rays isotropically by electron capture) on a cell-by-cell
basis. The intensity data were azimuthally averaged at
each scattering vector g (i.e. ¢ = (4m/A) sin(6/2), where A
is the X-ray wavelength and 6 the scattering angle) ranging
from 0.058 to 1.004 nm ™!, and converted to an absolute
differential scattering cross section by means of pre-
calibrated secondary standards [36]. It should be noted
that absolute intensity has a unit of [cmfl].

4. Results and discussion
4.1. Effect of fusion temperature on crystallization behavior
Fig. 1 illustrates, respectively, the time-dependent

relative crystallinity function 6(r) (after subtraction of the
induction time £y) for s-PP#1 samples isothermally crystal-
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Fig. 1. Variation of the relative crystallinity 6(¢) as a function of crystal-
lization time ¢ for s-PP#1 samples isothermally crystallized at 85°C after
being melted at each respective fusion temperature 77 for 5 min. The raw
data, shown as various geometrical points, were fitted to the Avrami and
Urbanovici—Segal macrokinetic models, in which the best fits are shown as
solid and dashed lines, respectively.

lized at T, = 85°C after being melted partially at fusion
temperatures 7y of 128, 130, and 140°C and after being
melted completely at T; of 180°C for a fixed holding time
t, of 5 min (the raw data are shown as different geometrical
points). Qualitatively, the time to reach the ultimate crystal-
linity (i.e. complete crystallization) increases with increas-
ing fusion temperature T; used. This clearly suggests that
even though the samples were isothermally crystallization at
the same temperature, the choice of the fusion temperatures
used to melt the samples plays an important role in
determining the crystallization behavior. Quantitatively,
the half-time of crystallization f,s, which is defined as the
elapsed crystallization time from the onset to 50% comple-
tion and can be determined directly from the experimental
6(t) data, can be used to describe the effect of fusion
temperature on crystallization behavior. According to
Fig. 1, the half-time of crystallization #;s obtained for
s-PP#1 samples partially melted at 7; = 128, 130, and
140°C is 1.0, 1.7, and 3.5 min, respectively, while that for
sample completely melted at 7y = 180°C is 5.6 min.

Fig. 2 illustrates plots of crystallization half-time 7,5 as a
function of the fusion temperature 7%, ranging from 128 to
200°C, for all of s-PP resins studied. Apparently, the
observed 7,5 values and the overall rate of crystallization
(presented in Fig. 3 in the form of reciprocal values of the
crystallization half-time, i.e. . 51) exhibit strong correlations
with the fusion temperature within the range 7t < ca. 160°C,
while they become independent of the fusion temperature
within the range T; = ca. 160°C. For all of the resins studies,
within the range T; = ca. 160°C, values of the crystallization
half-time were found to increase monotonically, while those
of the reciprocal half-time decrease, with increasing fusion
temperature. After the critical 7; value of 160°C however,
both the crystallization half-time and its reciprocal value
become independent of the fusion temperature used. The
results clearly suggested that prolonged melting of these
s-PP resins at Ty = ca. 160°C for the fixed holding time #,
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Fig. 2. Variation of the crystallization half-time #5 as a function of the
fusion temperature 77 used to melt the samples for all of the s-PP resins
studied.
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Fig. 3. Variation of the reciprocal value of the crystallization half-time (i.e.
to. 51) as a function of the fusion temperature 77 used to melt the samples for
all of the s-PP resins studied.

of 5 min is mandatory in order for any measurement on
crystallization behavior to be free from the influences of
the self-nucleation effect.

Comparatively, s-PP#1 resin crystallizes faster than
s-PP#2 and s-PP#4 resins within the range Ty < ca. 129°C
and where T;=ca. 133°C, respectively. Beyond these
ranges, s-PP#1 resin crystallizes the slowest, followed by
s-PP#4 and s-PP#2 resins, respectively. This finding agrees
extremely well with earlier reports on isothermal and non-
isothermal bulk crystallization studies of these resins
[37,38] that the crystallization ability of these resins follows
the following order: s-PP#2 > s-PP#4 > s-PP#1. Interest-
ingly, despite the much difference in the molecular weight
characteristics among these resins, the critical fusion
temperatures 7t required for achieving the complete melting
conditions of these resins are technically identical (i.e. ca.
160°C).

4.2. Effect of fusion temperature on crystallization kinetics

In order to observe the effect of partial and complete
melting conditions on the kinetics of crystallization, the
experimental 6(¢) data collected on all resins were analyzed
according to the Avrami and the Urbanovici—Segal models
(i.e. Egs. (2) and (3), respectively) using the direct data-
fitting procedure [39]. The two models were chosen mainly
because it was shown in a recent report [32] that isothermal
crystallization data of s-PP#4 resin was best described by
the two models (with the Urbanovici—Segal model being the
better of the two).

4.2.1. Avrami analysis

Data analysis based on the Avrami macrokinetic model
was carried out by directly fitting the experimental 6(¢) data
to Eq. (2) (shown in Fig. 1 as solid lines) using a non-linear
multi-variable regression program [39]. Figs. 4 and 5,
respectively illustrate plots of the Avrami exponent n, and

5.0
; —e—s-PP#1
451 —-m--5-PP#2 |

. o 5-PP#4

4.0+

35+

a

30+

25+

Avrami Index, n_(d'less)

20f

1.5+ T

1.0~
120 130 140 150 160 170 180 190 200 210
Fusion Temperature, T (°C)

Fig. 4. Variation of the Avrami index n, as a function of the fusion tempera-
ture T used to melt the samples for all of the s-PP resins studied.

the Avrami crystallization rate constant K, obtained as a
result of the best fits as a function of the fusion temperature
T; for all of the s-PP resins studied. According to Fig. 4, the
Avrami exponent n, calculated for 6(¢) € [0.1,0.8] was
found to range from ca. 2.5 to 4.2 for s-PP#1, from ca. 2.2
to 2.9 for s-PP#2, and from ca. 1.9 to 3.2 for s-PP#4, respec-
tively. Apparently, within the range T; = ca. 160°C the
observed n, values for all of the resins studied were found
to scatter systematically with the fusion temperature used to
melt the samples, while they were found to be independent
of the fusion temperature within the range T; = ca. 160°C
(despite slight scattering in the n, data obtained for s-PP#1
resin).

Similar to the case of the reciprocal half-time #,. 51 (see
Fig. 3), values of the Avrami crystallization rate K,
shown in Fig. 5, were also found to be strongly affected
by changes in the fusion temperature used within the
range Ty = ca. 160°C, while they became independent of
the fusion temperature used and assume a constant value
within the range 7= ca. 160°C. The similarity between
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Fig. 5. Variation of the Avrami rate constant K, as a function of the fusion
temperature 77 used to melt the samples for all of the s-PP resins studied.
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the reciprocal half-time 755 and the Avrami crystallization
rate K, is not surprising, since the Avrami crystallization
rate K, can be calculated directly from the reciprocal half-
time 7o4 according to the following equation:

K, = (In2)"™z53. 4)

The calculated values of the Avrami rate constant, though
not shown, were found to be in good agreement with the
experimental values, with the calculated values being
—1.3 £3.7% for s-PP#1, 2.0 = 0.9% for s-PP#2 resin,
and 1.8 £ 4.2% for s-PP#4 resin different from the experi-
mental values on average.

4.2.2. Urbanovici—Segal analysis

Similar to the case of the Avrami analysis, data analysis
based on the Urbanovici—Segal macrokinetic model was
carried out by directly fitting the experimental 6(¢) data to
Eq. (3) (shown for example in Fig. 1 as dashed lines) using a
non-linear multi-variable regression program [39]. Figs. 6—
8, respectively, illustrate plots of the Urbanovici—Segal
exponent ny, the Urbanovici—Segal crystallization rate
constant K, and the parameter r obtained as a result of
the best fits as a function of the fusion temperature T
for all of the s-PP resins studied. According to Fig. 6, the
Urbanovici—Segal exponent n, calculated for 6(¢) €
[0.1,0.8] was found to range from ca. 2.8 to 5.3 for s-
PP#1, from ca. 2.5 to 4.7 for s-PP#2, and from ca. 2.0 to
4.8 for s-PP#4, respectively. Similar to the previous case,
within the range T = ca. 160°C the observed n,, values for
all of the resins studied were found to scatter systematically
with the fusion temperature used to melt the samples, while
they were found to be independent of the fusion tem-
perature within the range T;= ca. 160°C (despite slight
scattering in the n, data obtained for s-PP#1 and s-
PP#2 resins).

Similar to the cases of the reciprocal half-time #_ 51 (see
Fig. 3) and the Avrami crystallization rate K,, values of the

a
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Fig. 7. Variation of the Urbanovici—Segal rate constant K, as a function of
the fusion temperature 7; used to melt the samples for all of the s-PP resins
studied.

Urbanovici—Segal crystallization rate K;, shown in Fig. 7,
were also found to be strongly dependent on changes in the
fusion temperature used within the range T; = ca. 160°C,
while they became independent of the fusion temperature
used and assume a constant value within the range 77 = ca.
160°C. In fact, the similarity between the reciprocal half-
time 7o+ and the Urbanovici—Segal crystallization rate K is
not surprising, since the Urbanovici—Segal crystallization
rate K,s can be calculated directly from the reciprocal
half-time 754 according to the following equation:

0.5077 — 1\ _
Ky = (7 fos- )

r—1

The calculated values of the Urbanovici—Segal rate
constant, though not shown, were found to be in good agree-
ment with the experimental values, with the calculated
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Fig. 6. Variation of the Urbanovici—Segal index n, as a function of the
fusion temperature 77 used to melt the samples for all of the s-PP resins
studied.
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values being —2.0 = 3.3% for s-PP#1, 0.3 = 0.9% for
s-PP#2 resin, and 0.8 = 4.2% for s-PP#4 resin different
from the experimental values on average.

Comparison between the kinetics parameters obtained
from fitting experimental data to the Avrami and Urbano-
vici—Segal models (see Figs. 4—8) indicated that the extent
of the discrepancies between the Urbanovici—Segal and
Avrami kinetics parameters depends solely on the values
of the parameter r obtained from the fits. It was stated earlier
in this manuscript that the Urbanovici—Segal model
becomes identical to the Avrami model when r approaches
1 [31]. By referring to Figs. 48, it is evident that, when r >
1, the values of the Urbanovici—Segal kinetics parameters
are systematically greater than those of the Avrami ones,
and as the greater the value of r is from 1, the greater the
values of the Urbanovici—Segal kinetics parameters are than
those of the Avrami ones. On the contrary, when r < 1, the
values of the Urbanovici—Segal kinetics parameters are
systematically less than those of the Avrami ones, and as
the lesser the value of ris from 1, the lesser the values of the
Urbanovici—Segal kinetics parameters are than those of
the Avrami ones.

4.3. Effect of fusion temperature on lamellar morphology
and melting behavior

The objectives of the WAXD experiment are two-fold:
(1) it is to investigate whether or not the partial or complete
melting conditions affect the formation of crystals during
crystallization, and (2) it is to investigate whether or not the
partial or complete melting conditions affect the amount of
crystalline content formed. Fig. 9 illustrates WAXD diffrac-
tograms for the ‘test’ samples (i.e. the s-PP#2 samples
isothermally crystallized in a Mettler hot-stage at
T, = 85°C after being partially melted at the fusion tempera-
tures Ty of 130, 135, 140, 145, and 150°C or completely
melted at T¢’s of 160 and 180°C for a fixed holding time #,
of 5 min). It should be noted that the WAXD scan for the
‘blank’ sample was also shown in Fig. 9 for comparison and
was labelled as ‘blank.’

According to Fig. 9, all of the diffractograms exhibit
major characteristic crystalline peaks at the scattering
angles 260 = 12.32 +£0.09, 16.01 =0.10, 20.70 = 0.10,
and 24.70 = 0.08°, respectively. This clearly suggested
that the crystalline structure of the ‘test’ and the ‘blank’
samples are essentially similar. According to related
published work on crystallographical studies of s-PP [40—
55], the crystalline structure of these samples deduced from
the diffractograms shown in Fig. 9 can be best described by
the limit-disordered form I [46,48,50] (after the most recent
nomenclature by De Rosa et al. [55]), which is designated as
an orthorhombic unit cell with axes a = 14.5, b = 5.6, and
¢ = 7.4 A and exhibits an antichiral packing of chains only
along the a axis. The space group proposed for this crystal
modification was Pcaa [41,47]. According to this space
group, the major characteristic WAXD peaks should be

(200) (010) (111)

g Blank

T, = 130°C

J 135°C
140°C

145°C

Intensity (a.u.)

150°C
160°C

190°C

20 (degrees)

Fig. 9. WAXD patterns of s-PP#2 samples isothermally crystallized at 85°C
after being melted at each respective fusion temperature 77 for 5 min.
WAXD pattern of the as-prepared film is also shown for comparison and
is labelled as ‘blank.’

observed at the scattering angles 26 = 12.2, 15.8, 20.8,
and 24.5°, which correspond to the reflection planes at
(200), (010), (111), and (400), respectively.

One simple method for estimating the apparent degree of
crystallinity from a one-dimensional power WAXD pattern
is to compute the integrated intensities of the pattern
associated with the crystalline structures and the amorphous
halo. To a first approximation, the degree of crystallinity is
obtained by an assumption that the total scattering within a
certain region of reciprocal space is independent of the state
of aggregation of the materials [56]. The degree of
crystallinity XXVAXD is therefore expressed by the mass
fraction of crystalline aggregates, and can be determined
from the WAXD patterns based on the ratio of the
integrated intensities under the crystalline peaks A, to
the integrated total intensities (i.e. A, = A, + A, where
A, is the integrated intensities under the amorphous halo):
that is

WAXD __ Ac

Xe S @ tA) € [0,1]. (6)

Quantitatively, the results shown in Fig. 9 suggested that
the WAXD degree of crystallinity xo'**P for all of the
‘test’ samples was found to be comparable (i.e.
o8P = 0.32 + 0.01), while that for the ‘blank’ sample
was found to be a bit lower (i.e. yo' "> = 0.30).

Fig. 10 shows the Lorentz-corrected SAXS intensity
profiles (i.e. Kratky plots) of the experimental SAXS
intensity profiles obtained on the same set of samples used
in the WAXD measurement. With an assumption of a two-
phase system comprising crystalline and amorphous
fractions with sharp interfaces, the average value of the
long period of the lamellar morphology (hereafter called
the long period Lg) can be estimated from the maximum
value of the scattering vector ¢, observed in the
Lorentz-corrected SAXS scattering profiles. According to



9624 P. Supaphol, J.-S. Lin / Polymer 42 (2001) 9617-9626

| Il Il Il 1 Il
LI S S B B B S S B B B S B B B e

s-PP#2 XX
x  Blank
* 130°C
-
= ° 135°C
& " 140°C
= 0
= o 145°C
o~ A4 °
. 150°C
¢ 160°C
4 190°C

||=||‘|I||||I||||}||||I[||||

0 02 04 06 08 1 12 14
Scattering Vector, g (nm™)

Fig. 10. Lorentz-corrected SAXS profiles (i.e. Kratky plots) of s-PP#2
samples isothermally crystallized at 85°C after being melted at each respec-
tive fusion temperature 7% for 5 min. Lorentz-corrected SAXS profile of the
as-prepared film is also shown for comparison and is labelled as ‘blank’.

Bragg’s law and the mathematical definition of the scattering
vector ¢, the long period Ly can then be calculated from the
following equation:

Ly= 2T %)

qmax

Quantitatively, the results shown in Fig. 10 suggested
that the Lorentz-corrected SAXS scattering profiles for
the ‘test’ samples were found to have a very comparable
maximum value of the scattering vector ¢gpn.x (i.e.
Gmax = 0.519 = 0.006 nm '), while that for the ‘blank’
sample was found to have a maximum at gp, =
0.581 nm~'. These correspond to the values of the long
period Lg of ca. 12.1 nm for all of the ‘test’ sample and
10.8 nm for the ‘blank’ sample.

Fig. 11 illustrates DSC heating scans (20°C min~")

Normalized Heat-flow (a.u.)

I|=|1||I||||=||||=l||'|{||'|=I|||I||||:||||}

80 90 100 110 120 130 140 150 160
Temperature (°C)

Fig. 11. Subsequent melting thermograms (20°C min ") of s-PP#2 samples
isothermally crystallized at 85°C after being melted at each respective
fusion temperature 7t for 5 min. Subsequent melting thermogram of the
as-prepared film is also shown for comparison and is labelled as ‘blank’.

obtained on the same set of samples used in both the
WAXD and SAXS measurements. Evidently, there are
two major melting endotherms present on all of the heating
scans. According to a recent work [57], the two melting
endotherms were designated as (1) low-temperature melting
endotherm (the peak temperature of which was denoted in
Ref. [57] as the low-melting peak temperature T},) which
corresponds to the melting of the primary crystallites
formed at the crystallization temperature 7, and (2) the
high-temperature melting endotherm (the peak temperature
of which is denoted in Ref. [57] as the high-melting peak
temperature 7,,,) which corresponds to the melting of the
crystallites re-crystallized during a heating scan. Quantita-
tively, the results shown in Fig. 11 suggested that the
positions of the low and the high-temperature melting
endotherms for the ‘test’ samples crystallized at 7, =
85°C after being partially or completely melting at T
ranging from 130 to 190°C were found to be superimposable
on one another, with the average values of T, and Ty
being 117.0 0.3 and 125.9 +0.2°C, respectively.
However, the positions of the two endotherms for the
‘blank’ sample were found to shift toward lower tem-
perature, with the values of Ty, and T, being 114.2 and
124.7°C, respectively. This finding suggested that the
crystallites formed in the ‘blank’ samples were less stable
than those formed in the ‘test’ samples.

If the assumption of the two-phase system is valid for
describing the lamellar morphology of s-PP samples iso-
thermally crystallized according to the conditions
prescribed in this manuscript, the thickness of mature
crystals /. (hereafter called the lamellar thickness) can
be estimated as the multiplication product of the

WAXD degree of crystallinity 2 “*P and the long period
Lg: that is
o= Lpx."™™ ®)

According to the WAXD and SAXS results, the lamellar
thickness /. for all of the ‘test’ samples were estimated to
be ca. 3.9 nm, while that for the ‘blank’ sample was ca.
3.2nm. This finding clearly confirmed the hypothesis
drawn at the end of the previous paragraph that the crystal-
lites formed in the ‘blank’ samples were less stable than
those formed in the ‘test’ samples.

5. Conclusions

In this manuscript, the effect of fusion temperature on
isothermal crystallization, comprising the kinetics and the
lamellar morphological aspects of the process, and sub-
sequent melting behavior of three commercial grade s-PP
resins was thoroughly investigated using a combination of
DSC, WAXD, and SAXS techniques. On partial melting,
the DSC experiment suggested that the choice of the
fusion temperatures used to melt the samples plays an
important role in determining the overall rate of isothermal
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crystallization, in which all the crystallization rate para-
meters studied (fp4, K,, and K,,) were found to decrease
monotonically with an increase in the value of the fusion
temperature 7; used. The decrease in the values of these rate
parameters with 7} continues up to a critical value (i.e.
Tt" = 160°C), at which point the values of all the rate para-
meters approach a constant value (i.e. approaching the
complete melting condition). Interestingly, despite the
much difference in the molecular weight characteristics
among these resins, the critical values of the fusion tempera-
ture T required for assuring the complete melting conditions
(for a fixed holding time #;, of 5 min at T}) of these resins are
technically identical (i.e. ca. 160°C).

In addition to the DSC experiment, the WAXD/SAXS/
DSC experiment showed that values of the apparent crystal-
linity content XX‘/AXD, the long period Lg, the lamellar thick-
ness I, and the low-melting peak temperature Ty, of the
‘blank’ sample were respectively less than those of the
‘test’ sample, suggesting that the crystallites formed in
the ‘blank’ sample were less stable than those formed in
the ‘test’ samples, and that the choice of the fusion tempera-
tures used to melt the samples has no effect on the resulting
values of the apparent crystallinity content x> “*", the long
period Lg, the lamellar thickness ., and the low-melting
peak temperature 7y,. This finding is in fact very impor-
tant, since it suggested to us that even though the crys-
tallites formed in the ‘blank’ sample were less stable
than those formed in the ‘test’ samples, on partial melt-
ing, these less stable (i.e. thinner lamella) crystalline
residues can readily enhance the overall crystallization
rate (viz. the degree of the enhancement is dictated by
the concentration of the crystalline residues which is, in
turn, determined by the choice of the fusion temperature
T; used) by acting as predetermined athermal nucleation
sites which result in the formation of the more stable (i.e.
thicker lamella) crystallites during subsequent crystalliza-
tion at T, = 85°C.
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