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ABSTRACT: The melting behavior of syndiotactic polypropylene (s-PP) after isothermal
crystallization from the melt state was studied using differential scanning calorimetry
(DSC) and wide-angle X-ray diffraction (WAXD) techniques. Three melting endotherms
were observed for isothermal crystallization at high degrees of undercooling. The minor
endotherm, located closed to the corresponding crystallization temperature, was pos-
tulated to be the melting of the secondary crystallites formed at the crystallization
temperature. The low-temperature melting peak was found to be the melting of the
primary crystallites formed, and the high-temperature melting peak was a result of the
melting of the crystallites recrystallized during a heating scan. The triple-melting
behavior observed in subsequent melting endotherms of s-PP was therefore described
as contributions from melting of the secondary crystallites and their recrystallization,
partial melting of the less stable fraction of the primary crystallites and their recrys-
tallization, melting of the primary crystallites, and remelting of the recrystallized
crystallites formed during the heating scan. In addition, determination of the equilib-
rium melting temperature for this s-PP resin according to the linear and nonlinear
Hoffman–Weeks extrapolations provided values of 143.1 and 185.6°C, respectively.
© 2001 John Wiley & Sons, Inc. J Appl Polym Sci 82: 1083–1097, 2001
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INTRODUCTION

Syndiotactic polypropylene (s-PP) was first syn-
thesized in the early 1960s by Natta et al.1,2 based
on Ziegler–Natta catalysis, but the resulting poly-
mer contained a level of regioirregular defects
(e.g., head to head/tail to tail type defects) that
was too high, despite a fair level of syndiotactic
content. A much improved s-PP was successfully
synthesized in 1988 by Ewen et al.3 based on a

novel metallocene catalysis. The new catalyst sys-
tems made it possible to produce s-PP with much
improved purity and yields, which led to renewed
interest in scientific research4 and industrial ap-
plications.5–8

Recently, our group reported differential scan-
ning calorimetry (DSC) studies on the isothermal
bulk crystallization and subsequent melting be-
havior on various s-PP resins commercially made
available by Fina Oil and Chemical Company
(Dallas, TX).9,10 According to these earlier re-
ports, subsequent DSC endothermic traces exhib-
ited two or three distinct melting endotherms,
depending on the temperature at which the sam-
ples were crystallized. Under the conditions stud-
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ied previously,10 the multiple melting behavior of
s-PP was preliminarily concluded to be a result of
partial melting, recrystallization of the less sta-
bled crystallites, remelting of the recrystallized
crystallites, and normal melting of the primary
crystallites formed at the crystallization condi-
tions. Although the aforementioned conclusion
was satisfactory in describing our previous re-
sults, further investigations are necessary to gain
a more complete understanding of subsequent
melting behavior, as well as the origin of the
multiple melting behavior, of s-PP after isother-
mal crystallization.

Multiple melting is not an exclusive phenomenon
for s-PP. In fact, various investigators reported
similar observations on a number of semicrystalline
polymers, including some flexible polymers: poly-
ethylene,11,12 isotactic polypropylene (i-PP),13,14

trans-1,4-polyisoprene,15 and poly(butylene succi-
nate)16; and some semistiff polymers: aliphatic
polyamides,17–19 isotactic polystyrene (i-PS),20

syndiotactic polystyrene and its blends,21 poly-
(ethylene terephthalate),22–27 poly(butylene tere-
phthalate),28–31 poly(phenylene sulfide),32,33 and
poly(aryl ether ether ketones).34–50

A number of hypotheses were proposed to ex-
plain the occurrence of multiple melting endo-
therms. In the studies of isothermal crystalliza-
tion under quiescent conditions (i.e., crystalliza-
tion is only a function of temperature), the
multiple melting behavior of these semicrystal-
line polymers may be designated as being the
result of one of the following reasons: the pres-
ence of two (or more) crystal modifications,13,15

the presence of two (or more) crystalline morphol-
ogies,28 the presence of two populations of crystal
lamellae of different thicknesses,35,38,40,43–45 and
the simultaneous melting, recrystallization, and
remelting of the lamellae initially formed at the
crystallization conditions.22,34,37,39,42,46

Among these models, simultaneous melting–
recrystallization–remelting and the dual-lamel-
lar population models seem to receive much at-
tention in explaining the multiple melting behav-
ior in various semicrystalline polymers that do
not exhibit multiple crystal modifications upon
crystallizing at the crystallization conditions
studied. The simultaneous melting–recrystalliza-
tion–remelting model first proposed by Hold-
sworth and Turner-Jones22 hypothesizes that the
primary lamellae formed at the crystallization
temperature (Tc) undergo a partial melting pro-
cess that gives rise to an observation of the low-
melting endotherm (usually observed at ca. 10°C

above the Tc). During the heating scan, the par-
tially melted material undergoes a simultaneous
process of recrystallization into thicker and more
perfect lamellae that, upon melting, give rise to
the observation of the high-melting endotherm.
This postulated model was primarily based on the
observation that the magnitude and position of
the low endotherm is heating rate dependent. The
suitability of the model was questioned by the
experimental findings that the occurrence of the
high-melting endotherm precedes that of the low-
temperature endotherm,36,38,47 which clearly con-
tradicts the assignment of the low endotherm to
the partial melting of the primary lamellae as
postulated in this model.

The dual-lamellar population model, which
was originally suggested by Cebe and Hong35 and
Bassett et al.,38 hypothesizes that a bimodal dis-
tribution of lamellae of different thicknesses ex-
ists within crystalline aggregates formed at the
crystallization conditions studied, and the melt-
ing of the thin and the thick lamellae give rise to
the appearance of the low- and high-temperature
endotherms, respectively. The two extensions of
this model49 are the dual-lamellar stack mod-
el27,31,40,47,48 and the lamellar insertion mod-
el.41,43–45 According to the dual-lamellar stack
model, the distribution of the stacks of thick and
thin lamellae is such that they exist in different
stacks; in the lamellar insertion model they coex-
ist in the same stacks with the thin lamellae
distributing between two thick lamellae. The ap-
plicability of these two variants in describing the
experimental data is controversial and is very
dependent on the experimental conditions and
perhaps on the technique used to obtain the data.

In this article, the DSC and wide-angle X-ray
diffraction (WAXD) techniques were used to in-
vestigate the multiple melting behavior of s-PP
after isothermal crystallization under various
crystallization conditions. The objectives of this
work were to obtain detailed information on the
crystallization and melting mechanisms of s-PP
and to propose the most likely explanation for the
origin of the multiple melting behavior using the
aforementioned hypotheses as guidelines.

EXPERIMENTAL

Materials

The s-PP resin (s-PP#4) used in this study was
synthesized using a metallocene catalyst and was
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produced commercially in pellet form by Fina Oil
and Chemical Company (La Porte, TX). The mo-
lecular characterization data showed the follow-
ing molecular weight information: the number-
average molecular weight (Mn) was 81,300 Da,
the weight-average molecular weight (Mw) was
171,000 Da, the z-average molecular weight (Mz)
was 294,000 Da, and the polydispersity (Mw/Mn)
was 2.1. In addition, the syndiotacticity measured
by 13C-NMR showed the racemic dyad content
[%r] to be 89.2%, the racemic triad content [%rr]
to be 84.4%, and the racemic pentad content
[%rrrr] to be 74.6%. The glass-transition temper-
ature (Tg) was determined to be about 26°C.10

Sample Preparation

Sliced pellets were melt pressed at a pressure of
about 4.6 3 102 MN m22 and a temperature of
190°C between a pair of polyimide films, which in
turn were sandwiched between a pair of thick
metal plates in a Wabash compression molding
machine. After a 10-min holding time, a film of
about 290-mm thickness was taken out and al-
lowed to cool to room temperature at ambient
conditions between the two metal plates. This
treatment assumed that the previous thermome-
chanical history was essentially erased and pro-
vided a standard crystalline memory condition for
our experiments.

Apparatus and Procedures

DSC Study

A differential scanning calorimeter (DSC-7, Per-
kin–Elmer) was used to record subsequent melting
thermograms of s-PP samples after isothermal crys-
tallization at various conditions. The DSC-7 was
equipped with an internal cooling unit that reliably
provided a cooling rate up to 200°C min21. All of the
recorded melting thermograms were carried out
with a scanning rate of 20°C min21 unless indicated
otherwise. Calibration for the temperature scale
was performed using a pure indium standard (equi-
librium melting temperature, Tm

0 5 156.6°C; equi-
librium enthalpy of fusion, DHf

0 5 28.5 J g21) on
every other run to the ensure reliability of the data
obtained. In order to minimize the thermal lag be-
tween the sample and the furnace, a single disk of
the s-PP sample that was cut from the as-prepared
film (ca. 6.5 mg weight) was loaded into a DSC pan
and lid. It is worth noting that each sample was
used only once and all the runs were carried out
under nitrogen purge to minimize thermal degra-
dation.

WAXD Analysis

The WAXD technique was employed to determine
the crystal modification in the samples having
similar thermal histories compared to those de-
scribed for the DSC samples. The WAXD inten-
sity patterns were collected on a Rigaku–Denki
diffractometer (Cu Ka radiation, l 5 1.54 Å)
equipped with a computerized data collection and
analytical system. The operating condition of the
X-ray source was set at a voltage of 35 kV and a
current of 40 mA.

RESULTS AND DISCUSSION

Dependence of Subsequent Melting Endotherms on
Crystallization Temperature

Figure 1 presents a set of melting thermograms
(20°C min21) for s-PP samples isothermally crys-
tallized from the melt state at Tc values ranging
from 60 to 95°C. Each sample was held at a fusion
temperature (Tf) of 190°C for 5 min to ensure
complete melting.51 After that, the sample was
quenched from Tf at the highest achievable cool-
ing rate allowed by the DSC to the desired Tc
where it was held until the completion of the
crystallization process. The total holding time re-
quired for completion of crystallization at each Tc
varied and was found to be an increasing function
of it (e.g., ca. 4 min at Tc 5 60°C and ca. 70 min at

Figure 1 Melting endotherms (20°C min21) of s-PP
samples after isothermal crystallization from the melt
state at the specified temperature. T1, the minor peak
temperature; Tml, the low-melting peak temperature;
Tmh, the high-melting peak temperature.
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95°C).10 An earlier report provides a complete
discussion of the bulk crystallization kinetics for
this s-PP resin.10

According to Figure 1, it is apparent that the
DSC melting endotherms exhibited double-melt-
ing phenomena, particularly when the Tc values
were below 90°C. Moreover, the low-temperature
melting peak (Tml) clearly increased in its size
and sharpness, and its position shifted toward a
higher temperature as the Tc increased. On the
contrary, the high-temperature melting peak
(Tmh) got smaller with increasing Tc and even
disappeared when the Tc was greater than 90°C.
Observations of the double-melting endotherms
were previously reported in s-PP52,53 and in syn-
diotactic poly(propene-co-octene) [s-P(P-co-O)].54

In s-PP the double-melting endotherms were ob-
served for Tc below about 105°C (Mn 5 53,200 Da,
Mw/Mn 5 1.1, [%r] 5 94%)52 and below about
128°C (Mn 5 104,000 Da, Mw/Mn 5 2.3, [%rr] 5
97%).53 In s-P(P-co-O) the double-melting endo-
therms were observed for Tc values below about
116.5°C (Mn 5 73,000 Da, Mw/Mn 5 2.1, [%r] 5
97%, 4 wt % octene counits).54 According to Fig-
ure 1, observation of the minor endotherm (T1)
located close to each respective Tc is also of great
interest. The presence of the minor endotherm
was not a result of the enthalpic recovery of a
physically aged rigid amorphous fraction present
in the sample, because the Tg for this s-PP resin
was previously determined to be about 26°C,10

which is apparently much lower than the temper-
ature range where the minor endotherm was ob-
served.

There were five terms used (see Fig. 2) to quan-
titatively illustrate the relationships of these
melting endotherms observed in the subsequent
heating scans with the Tc: the Tint refers to the
onset temperature of the minor endotherm, the
minor peak temperature (T1) refers to the appar-
ent peak temperature of the minor endotherm,
the low-melting peak temperature (Tml) refers to
the peak temperature of the low-temperature
melting peak, the high-melting peak temperature
(Tmh) refers to the peak temperature of the high-
temperature melting peak, and the end tempera-
ture (Tend) refers to the final temperature where
the last crystalline aggregate melts. All of these
values extracted from the DSC heating thermo-
grams shown in Figure 1 are summarized in Ta-
ble I. Plots of these values as a function of the Tc
are shown in Figure 3.

According to Table I and Figure 3, it is appar-
ent that values of the Tint and the T1 steadily

increased with increasing Tc. Interestingly, the
difference between each value of the Tint and the
T1 and Tc were found to be nearly constant within
the Tc range studied (i.e., Tint 2 Tc 5 6.5 6 0.3°C
and T1 2 Tc 5 11.8 6 0.4°C). This finding sug-
gested that melting always started at a tempera-
ture close to the respective Tc (ca. Tc 1 6.5°C). It
was also evident that the values of the Tml and
the Tmh steadily increased with increasing Tc.
However, the values of the Tmh were less depen-
dent on Tc than were those of the Tml. Unlike the
others, the Tend value (ca. 132.1 6 0.8°C on aver-
age) did not appear to be affected by changes in
the Tc. In addition, value of the total enthalpy of
fusion (DHf) slightly increased with increasing Tc,
suggesting that the apparent degree of crystallin-
ity (xc

DSC) is a weak increasing function with the
Tc (within the Tc range studied).

Analysis and discussion of the multiple melting
behavior cannot be complete without a proper
consideration of whether the samples possessed
more than one crystal modification within the Tc
range studied. Figure 4 illustrates WAXD diffrac-
tograms for samples isothermally crystallized in a
Mettler hot stage at Tc’s of 60, 70, 80, 85, 90, and
95°C, respectively. After each sample was melted
in a Mettler hot stage at a Tf of 190°C for 5 min,
it was quickly transferred to another Mettler hot
stage, the temperature of which had been set at

Figure 2 The procedure used to quantitatively deter-
mine characteristic temperatures from a subsequent
melting endotherm. Tint, the initial temperature; T1,
the minor peak temperature; Tml, the low-melting peak
temperature; Tmh, the high-melting peak temperature;
Tend, the end temperature.
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the desired Tc. As soon as the total time required
for the completion of the crystallization process at
the Tc (equivalent to the total time interval ob-
served in DSC) was reached, the sample was
quenched in liquid nitrogen to prevent a further
change in crystallinity due to the residual ther-
mal energy within the sample.

Before going further in the analysis of the
WAXD diffractograms, it is rudamentary to ac-
quire information on all of the possible crystal
modifications of s-PP available in the literature.
To date, four limit-ordered crystalline modifica-
tions of s-PP were proposed and described in the
literature.55–69 Of the four crystalline forms, only

the molecular chain packing models of the limit-
ordered form I56–59,64,66 and the limit-disordered
form I59,63,66 (after the most recent nomenclature
given by De Rosa et al.70) are appropriate for
characterizing s-PP samples that are crystallized
under quiescent conditions from the melt state (or
from solution).

Limit-ordered form I is characterized by chains
in the (TTGG)2 helical conformation [s(2/1)2 sym-
metry] that are fully antichirally packed in an
orthorhombic unit cell with a, b, and c axes of
14.5, 11.2, and 7.4 Å, respectively (see Fig. 1A in
De Rosa et al.70). The axes of the helices are in the
positions (0, 0, z) and (1⁄2, 0, z) of the unit cell. The
characteristic X-ray peaks in the powder spec-
trum are observed at angles (2u) of 12.2°, 15.8°,

Table I Variation of Initial Temperature (Tint), Minor Peak Temperature (T1), Low-Melting Peak
Temperature (Tml), High-Melting Peak Temperature (Tmh), End Temperature (Tend), and Enthalpy of
Fusion (DHf) Determined from Figure 1 with Crystallization Temperature (Tc)

Tc

(°C)
Tint

(°C)
T1

(°C)
Tml

(°C)
Tmh

(°C)
Tend

(°C)
DHf

(J g21)

60 66.1 72.5 108.9 122.5 132.1 33.1
65 71.0 76.3 110.6 123.0 132.8 33.2
70 76.7 82.3 112.3 123.8 132.4 33.0
75 81.5 86.8 114.2 124.6 132.6 33.3
80 86.9 91.9 116.4 125.3 132.6 33.4
85 91.4 96.5 118.6 — 132.3 33.4
90 96.4 101.6 121.0 — 131.6 34.0
95 101.6 106.7 123.6 — 130.2 34.5

Figure 3 The variation of the initial temperature
(Tint), the minor peak temperature (T1), the low-melt-
ing peak temperature (Tml), and the high-melting peak
temperature (Tmh) with the crystallization tempera-
ture as determined from the subsequent melting endo-
therms shown in Figure 1.

Figure 4 Wide-angle X-ray diffractograms of s-PP
samples isothermally crystallized from the melt at the
specified temperature corresponding to the conditions
used for the thermal analysis shown in Figure 1.
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18.9°, 20.8°, and 24.5° (d 5 7.25, 5.60, 4.71, 4.27,
and 3.63 Å, respectively), corresponding to the
observations of (200), (020), (211), (121), and (400)
reflection planes, respectively. The space group
proposed for this crystal form was Ibca56,59 (or
P21/a in the refined model proposed by De Rosa et
al.64). The existence of form I is mainly controlled
by the amounts of defects present in the packing
of the chains,59,63,66 which is revealed by either
the weakness or the absence of the (211) reflection
at 2u 5 18.9° in samples crystallized at low Tc
values. The greater the amount of defects present,
the higher the deviation from the fully antichiral
packing is.66 For samples crystallized at low Tc
values, the limit-disordered form I was described
that had an orthorhombic unit cell with a, b, and
c axes of 14.5, 5.6, and 7.4 Å, respectively (see Fig.
1B in De Rosa et al.70), and antichiral packing of
chains only along the a axis. The space group
proposed for this crystal form was Pcaa56,62 (or
Pca21 in the less symmetric arrangement of
chains in the lattice56). According to this unit cell,
the characteristic X-ray peaks are observed at 2u
5 12.2°, 15.8°, 20.8°, and 24.5° (d 5 7.25, 5.60,
4.27, and 3.63 Å, respectively), corresponding to
the observations of (200), (010), (111), and (400)
reflection planes, respectively.

According to the WAXD diffractograms shown
in Figure 4, the characteristic crystalline peaks at
the scattering angles 2u 5 12.18° 6 0.03°, 15.93°
6 0.03°, 20.60° 6 0.08°, and 24.57° 6 0.05° were
evident and the characteristic (211) reflection at
2u 5 18.9° of the limit-ordered form I was absent
from all of the WAXD scans. The results indicated
that, within the Tc range studied, s-PP crystal-
lized in the limit-disordered form I. As a result,
the hypothesis of multiple crystal modifications
as the source of the multiple melting behavior of
s-PP could be ruled out. Because of this and the
facts that the Tml became more resolved and
shifted toward a higher temperature as the Tc
increased and the Tmh exhibited otherwise, it was
established that formation of the Tml was a result
of the melting process of the primary crystallites
formed at the respective Tc. The discussion on the
occurrence of the minor endotherm and the Tmh is
given in subsequent sections.

Dependence of Subsequent Melting Endotherms on
Crystallization Time Interval

As mentioned previously, the simultaneous melt-
ing–recrystallization–remelting and dual-lamel-
lar population models received much attention

and were applied to describe the multiple melting
phenomena in various semicrystalline polymers.
It was stated in the previous section that the Tml,
not the T1, was attributed to the melting of the
primary crystallites formed at the Tc. As a result,
the simultaneous melting–recrystallization–re-
melting model was ruled out to describe the mul-
tiple melting behavior of s-PP. This left only one
possible explanation, the dual-lamellar popula-
tion model, which proposed that the occurrence of
the minor endotherm was a result of the melting
of the secondary crystals formed at the Tc. It is a
known fact that secondary crystallization is a
very slow process and often lags behind primary
crystallization. If the minor endotherm observed
in subsequent melting scans of s-PP was indeed
attributed to the melting of the secondary crys-
tals, one would expect that it should not be
present in subsequent melting endotherms re-
corded at early stages of crystallization (i.e.,
partial crystallization for short time intervals at
the Tc).

Figure 5 illustrates some representative DSC
melting thermograms of s-PP (recorded at 20°C
min21) after isothermal crystallization at a Tc of
75°C for 1.0, 1.5, 1.7, 2.0, 2.5, and 8.0 min. Figure
6 shows DSC melting thermograms (recorded at
20°C min21) after isothermal crystallization at a
Tc of 95°C for 15, 20, 25, 30, 40, and 50 min. At a
Tc of 75°C, a time interval of at least 0.5 min was
required for a melting peak to be observed in the
subsequent melting endotherm (not shown)

Figure 5 Melting endotherms (20°C min21) of s-PP
samples after partial and complete crystallization at
(Tc) 75°C for different crystallization time intervals as
indicated.
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whereas it was at least 5 min in the case of crys-
tallization at a Tc of 95°C. For the first approxi-
mation, the time intervals of about 0.5 and 5 min
corresponded to the induction time needed for
stable crystallites to be formed at Tc values of 75
and 95°C, respectively.

A thorough examination of these melting ther-
mograms suggested that the occurrence of the
secondary crystallization may be decisively deter-
minable. At a Tc of 75°C, the minor endotherm
located at the low-temperature region was clearly
discernable after partial crystallization for 8 min.
At a Tc of 95°C, the minor endotherm was appar-
ent after partial crystallization for 40 and 50 min.
Careful examination of all of the recorded DSC
thermograms (some of which are not shown in the
figures) confirmed that the appearance of the mi-
nor endotherms was not clearly observed until
after partial crystallization for at least about 4
min at a Tc of 75°C and for at least about 25 min
at a Tc of 95°C. The position where the minor
endotherm was observed was located close to a
temperature where the sample was crystallized,
as previously mentioned, and seemed to shift to a
higher temperature with an increasing crystalli-
zation time interval at the respective Tc values.

The facts that the minor endotherm was usu-
ally observed at a temperature close to Tc, it was
observed at a later stage of the crystallization
process, and it increased in magnitude and possi-
bly shifted toward a higher temperature with in-
creasing crystallization time suggested that its

existence corresponded to a contribution from a
rather slow crystallization mechanism occurring
at the Tc, which was most likely a result of the
secondary crystallization. At this point, it is logi-
cal to establish that the minor endotherm and the
Tml were caused by the melting of the secondary
and primary crystallites, respectively, that were
formed at the Tc.

In addition to their use for determining the
source of the minor endotherm, Figures 5 and 6
provide us with additional information on the
melting behavior of s-PP. According to Figures 5
and 6, the positions of the Tml, which were taken
as the melting endotherm of the primary crystal-
lites formed at the Tc, were essentially unchanged
with increasing crystallization time intervals.
The average values of these peaks were 114.1
6 0.2°C for a Tc of 75°C and 123.2 6 0.1°C for a Tc
of 95°C. According to the Gibbs–Thomson (GT)
equation,71,72 a relationship exists between the
observed melting temperature (Tm) and the la-
mellar thickness (lc) of the crystallites:

Tm 5 Tm
0 S1 2

2se

DHf
0 z

1
lc
D (1)

where Tm
0 is the melting point of an infinitely

thick crystal for the studied polymer and se is the
fold surface free energy. According to eq. (1), the
positions of the Tml are essentially constant,
which suggests that the average thickness of the
primary crystallites formed at each Tc is essen-
tially constant throughout the crystallization pro-
cess. In other words, the results suggest that the
primary crystallites formed at the Tc do not
thicken during the course of crystallization. This
finding is in excellent agreement with the obser-
vations reported on the crystallization behavior of
s-PP using a real-time small-angle X-ray scatter-
ing and DSC technique,53,54,73 in which the aver-
age lamellar thickness of the primary crystallites
of s-PP was shown to be constant during both the
isothermal crystallization process and subse-
quent heating to the melting point.

Before discussing the origin of the Tmh, it is
interesting to establish hypotheses regarding the
melting mechanisms of the secondary crystallites
formed at the Tc during subsequent heating. In
order to do so, the nature of the secondary crys-
tallites must first be established. This discussion
is based on the two variances27,31,40,41,43–45,47,48 of
the dual-lamellar population model35,38 and a re-
cent notion on secondary crystallization in poly-
mers proposed by Marand and Alizadeh.74

Figure 6 Melting endotherms (20°C min21) of s-PP
samples after partial and complete crystallization at
(Tc) 95°C for different crystallization time intervals as
indicated.
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It is well established that overall crystalliza-
tion in semicrystalline polymers can be divided
into two main processes: primary crystallization
and secondary crystallization. Primary crystalli-
zation corresponds to the macroscopic develop-
ment of crystallinity as a result of two consecutive
microscopic mechanisms: primary nucleation and
secondary nucleation (i.e., subsequent crystal
growth). The formation of chain-folded lamellae
(i.e., primary nucleation) leads to further growth
of the lamellae through the processes of branch-
ing and splaying (e.g., see Fig. 4 in Vancso et
al.75). The degree of branching and splaying is
mainly controlled by the degree of undercooling
(i.e., the difference between the Tm

0 and the Tc: DT
5 Tm

0 2 Tc) in an increasing manner. The evi-
dence to this assertion can be seen in a series of
atomic force microscopy images of the crystal
growth in i-PS taken by Taguchi et al.,76 in which
they showed that the degree of branching and
splaying in crystalline aggregates increases with
an increasing degree of undercooling. The pri-
mary crystallization is assumed to cease when no
further growth of the lamellae can take place.
This may be due to the impingement of the crys-
talline aggregates onto one another.

Secondary crystallization refers to any process
leading to a further increase in the absolute crys-
tallinity. Two important processes are envisioned:
the thickening of the primary lamellae and the
formation of secondary lamellae from crystalliz-
able amorphous materials trapped between two
different lamellae in the same stack (i.e., interla-
mellar amorphous layer) or between two different
stacks of lamellae (i.e., interfibrillar amorphous
materials). The thickening mechanism is thermo-
dynamically driven by the reduction of the spe-
cific surfaces of the crystals (hence, less free en-
thalpy is penalized for the formation of free sur-
faces), but it is hampered by the kinetics factors
(e.g., molecular mobility). In the case of copoly-
mers with noncrystallizable counits, the lamellar
thickening is also less favorable due to the clamp-
ing effect caused by high concentration of the non-
crystallizable counits rejected from the growing
lamellae around the basal planes and the growth
fronts. This clamping effect was thought to be the
main reason for the observed constancy in the
lamellar thickness during the course of crystalli-
zation in s-PP.54

Even though it is obvious that secondary la-
mellae must somehow originate from either inter-
lamellar or interfibrillar crystallizable amor-
phous materials (or both) trapped within the crys-

talline aggregates after their impingement to one
another, the mechanisms by which the formation
of the secondary lamellae are followed are uncer-
tain and are still matters of ongoing research.
However, we believe that the explanation may lie
in our understanding of the nature of the interla-
mellar amorphous layers and the interfibrillar
amorphous materials at certain crystallization
conditions.

For crystallization at high undercoolings, the
facts that the degree of branching and splaying is
relatively high and the interlamellar amorphous
layers are relatively thick suggests that second-
ary lamellae may originate from the interlamellar
amorphous layers, rather than from the free melt
between the fibrillar structures (i.e., less interfi-
brillar melt is available due to a high order of
branching and splaying). Because the interlamel-
lar amorphous layers comprises mainly folds, tie
molecular segments, chain ends, and other re-
jected noncrystallizable materials, secondary la-
mellae can only form from tie molecular segments
that are constrained at both ends between two
different lamellae. In the conditions of conforma-
tional constraints, the reduction in the molecular
entropy causes the apparent Tm

0 of the particular
molecular segments to be higher than normal.
Relatively thinner secondary lamellae can there-
fore become stable at these temperatures. As pos-
tulated by Marand and Alizadeh,74 the secondary
crystallites, in this extreme case, are believed to
only originate from a mechanism similar to a
fringed micelle or chain clustering (see Fig. 1 in
Marand and Alizadeh74) because of extreme con-
formational constraints at both ends. On the
other hand, for crystallization at low undercool-
ings, the reverse of the reasons given above sug-
gests to us that it is possible for new lamellae to
grow from the relatively free melt located be-
tween the fibrillar structures, resulting in rela-
tively slight differences between the primary and
secondary lamellae formed.74 For crystallization
under intermediate conditions, intermediate sit-
uations for the formation of the secondary crys-
tallites after the impingment of the primary crys-
tallites are expected. The characteristics of the
secondary crystallites (e.g., thickness, stability,
etc.) greatly depends on the degree of undercool-
ing and the magnitude of the conformational con-
straints.74

Because under the same crystallization condi-
tions the thickness of the secondary crystallites
are thinner than that of the primary crystallites
(thus less stability), upon heating these second-
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ary crystallites melt first. Whether the secondary
crystallites are formed in the lamellar insertion
or the lamellar stack mode may depend largely on
the conditions of crystallization and the types of
polymers with which one is dealing. Similar to the
crystallization mechanisms, melting mechanisms
for both primary and secondary crystals are also
complicated. Upon melting, a finite relaxation
time is required before a bundle of molecular seg-
ments, after the detachment from the crystals,
resumes its equilibrium molten state (i.e., ran-
dom coil conformation); this characteristic time
varies from one polymer to another. In s-PP it was
recently shown that the relaxation time for the
segregation of a nucleation cluster to its equilib-
rium molten state (i.e., complete melting)
strongly depends on the temperature at which the
sample is brought to melt (i.e., Tf) in a decreasing
manner with increasing temperature.51 Because
the secondary crystallites are shown to melt close
to the Tc where they are formed due to the thin-
ness and the relatively low stability of the lamel-
lae formed, the relaxation time required for the
detached or melted bundles of molecular seg-
ments to resume their equilibrium molten state is
tremendously large, causing the detached bun-
dles of molecular segments to retain their or-
deredness (i.e., the conformational state they as-
sume in the crystalline phase). Upon further
heating these bundle of molecular segments can
act as predetermined nuclei that recrystallize
during the heating scan.

Dependence of Subsequent Melting Endotherms on
Heating Rate

Without exceptions, the recrystallization process
during the heating scan must obey the fundamen-
tals of polymer crystallization, even though the
mechanisms behind the process may be com-
pletely different. Although the requirement for
the formation of recrystallized nuclei was stated
in the previous section, the following questions
still remain:

1. What exactly is the mechanism for the dif-
fusion of molecular segments onto the
growth fronts during the recrystallization
process?

2. What is the nature of the lamellae formed
(chain folded, true fringed micellar, or a
mixture of both)?

3. Because the recrystallized lamellae has
to grow during a dynamic temperature

change, is the thickness of the formed la-
mellae constant or increasing as the tem-
perature increases?

Whether these questions can be answered is
immaterial at this point. One can expect that the
extent of the recrystallization process from the
crystallizable materials due to the melting of the
secondary crystallites significantly depends on
the original Tc where the secondary crystallites
were formed, the chemical structure of the poly-
mers studied, and the scanning rate used during
the heating scan in the DSC. In addition, one can
expect that the melting point of these recrystal-
lized crystals must be higher than that of the
primary crystals formed at Tc. The last postula-
tion gives us confidence that the Tmh values ob-
served in Figures 1 and 5 are a result of the
melting of the recrystallized crystallites formed
during the heating scan.

To account for the effect of the heating rate on
the multiple melting behavior of s-PP, a separate
qualitative experiment was conducted. The re-
sults are shown in Figure 7. In this experiment
each sample was isothermally crystallized at
75°C, and then its melting thermogram was re-
corded using six different scanning rates ranging
from 5 to 40°C min21. It should be noted that
before each measurement was carried out at a
designated scanning rate, the DSC had been well
calibrated for its temperature scale for that par-
ticular scanning rate. According to Figure 7, the
weight fraction of the Tmh was found to decrease

Figure 7 Melting endotherms of s-PP samples re-
corded using different heating rates ranging from 5 to
40°C min21 after complete crystallization at (Tc) 75°C.
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with increasing heating rate while that of the
lower melting peak increased. This can be ex-
plained by the fact that the rate of recrystalliza-
tion is significantly dependent on the heating rate
used during the heating scan. The higher the
heating rate used, the shorter is the time avail-
able for the diffusion of the molecular segments
onto the growing recrystallizing lamellae. In
other words, the extent of the recrystallization is
kinetically controlled and decreases with an in-
crease in the heating rate used. This finding is in
accordance with the results of Carfagna et al.77 in
their work on the recrystallization kinetics of
i-PP.

Based on the procedure given in Figure 2, the
quantitative description of the melting endo-
therms shown in Figure 7 is summarized in Table
II. Apparently, the Tint and the T1 were steadily
increased with the increase in the scanning rate
used during the heating scan. In addition, the Tml
slightly increased while the Tmh and the Tend both
decreased with increasing heating rate. The rea-
son for the increase in the observed Tint, T1, and
Tml values may be as simple as a superheating
effect while that for the decrease in the observed
Tmh must be based on a more theoretical grounds.
It was mentioned previously that, as the scanning
rate during a heating scan increases, less time is
available for molecular transport onto the growth
front of the recrystallizing crystallites. As a re-
sult, the recrystallized crystallites formed at a
high scanning rate are less stable than those
formed at a lower scanning rate, hence the lower
value of the observed Tmh. In addition, the DHf,
which is also listed in Table II, was slightly de-
creased with the increasing heating rate used,
suggesting that either the extent of recrystalliza-

tion decreased with the increasing heating rate or
the Tmh was not only attributed to the remelting
of the recrystallized crystals formed from the
crystallizable materials due to the melting of the
secondary crystals during the heating scan but
also to the remelting of the recrystallized crystals
formed from the crystallizable materials due to
the melting of the less stable fraction of the pri-
mary crystallites formed at the Tc.

Referring now to Figure 5, it was already es-
tablished that secondary crystallization did not
occur during isothermal crystallization at a Tc of
75°C until a crystallization time of at least 4 min
was reached. Yet, most of the subsequent melting
endotherms after partial crystallization for vari-
ous crystallization time intervals of less than 4
min (i.e., early stages of crystallization where
only primary crystallization supposedly domi-
nates) also exhibited dual-melting behavior. This
suggested that melting of the less stable fraction
of the primary crystallites may have occurred and
upon remelting after recrystallization it gave rise
to the formation of the Tmh. In order to investigate
the impact of the scanning rate during a heating
scan on the melting of the less stable fraction of
the primary crystallites and their recrystalliza-
tion behavior, subsequent melting endotherms af-
ter isothermal crystallization for various short
time intervals during the early stages of crystal-
lization were recorded as a function of the heating
rate (Figs. 8 and 9). A quantitative description of
the results shown in Figures 8 and 9 is summa-
rized in Table III.

In Figures 8 and 9 the subsequent melting
endotherms after isothermal crystallization at a
Tc of 75°C for 1.5 min and at a Tc of 95°C for 15
min are displayed for five different heating rates

Table II Variation of Initial Temperature (Tint), Minor Peak Temperature (T1), Low-Melting Peak
Temperature (Tml), High-Melting Peak Temperature (Tmh), End Temperature (Tend), and Enthalpy of
Fusion (DHf)

Heat Rate
(°C min21)

Tint

(°C)
T1

(°C) Tml (°C) Tmh (°C) Tend (°C)
DHf

(J g21)

5 78.2 81.9 113.3 125.6 133.9 35.8
10 79.4 84.0 113.6 124.9 133.6 34.1
15 79.5 85.9 114.4 124.9 133.5 34.1
20 80.3 86.2 114.0 124.2 132.7 33.9
30 83.0 89.3 115.4 124.2 132.7 33.1
40 84.0 90.2 115.1 123.2 132.0 32.6

114.3 6 0.8 124.5 6 0.8 133.1 6 0.7 34.0 6 1.1

The variations were determined from Figure 7 with the heating rate used to record the subsequent melting endotherms after
complete crystallization at (Tc) 75°C.
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ranging from 5 to 30°C min21. It was apparent
that the minor endotherm did not exist in any of
the thermograms recorded, suggesting that ap-
preciable secondary crystallization had not yet
occurred during the indicated time interval that
the samples were held at the Tc. The weight and
the peak positions Tml of the low-temperature
melting peak (see Table III for quantitative re-
sults) slightly increased with the increasing heat-
ing rate used, while those of the Tmh decreased. In
Figure 9 it is evident that the Tmh was present in
subsequent melting endotherms recorded at low
heating rates (i.e., #10°C min21). This clearly
verified our hypothesis that during the heating
scans the less stable fraction of the primary crys-
tallites melts and recrystallizes and upon further
heating the recrystallized crystallites melts
again, giving rise to the formation of the Tmh. The
extent of the melting and recrystallization of the
primary crystallites strongly depended on the sta-
bility of the primary crystallites and the heating
rate used.

Equilibrium Melting Temperature

It was proven previously that the peak value of
the Tml corresponded to the melting of the pri-
mary crystals formed at a specified Tc; thus, the
Tml values listed in Table I are simply the Tm
values of the crystalline aggregates formed in the
samples after crystallization at the Tc. According
to a theory derived by Hoffman and Weeks,78 the

Tm
0 (i.e., the melting temperature of infinitely ex-

tended crystals) can be obtained by linear extrap-
olation of the observed Tm 2 Tc data to the line Tm
5 Tc. Mathematically, they arrived at the follow-
ing equation, the linear Hoffman–Weeks extrap-
olation (LHW):

Tm 5
Tc

2b
1 Tm

0 F1 2
1

2bG (2)

where b is the thickening ratio. In other words, b
indicates the ratio of the thickness of the mature
crystal lc to that of the initial one lc*; therefore, b
5 lc/lc*, which is supposed to always be greater
than or equal to one. It should be noted that factor
2 in eq. (2) suggests that the thickness of the
crystals undergoing melting is approximately
double that of the initial critical thickness.79

Figure 3 shows the plot of Tml (or the observed
Tm value of the crystallites formed at Tc) as a
function of the Tc. It was evident that the Tml
values exhibited a linear relationship with the Tc,
at least within the Tc range of interest. The inter-
section of a least-squares line fit drawn to the
bulk of the data with the line Tm 5 Tc provided
the values of Tm

0 (i.e., Tm
0 5 143.1°C). From the

slope of the least-squares line fit, the lamellar
thickening index b can also be calculated (i.e., b
5 0.5 3 slope21), which equals 1.2. The value of b
near one guaranteed (based on the assumptions of
the Hoffman–Weeks derivation) that the extrap-
olation was valid and gave a reliable Tm

0 value,

Figure 9 Melting endotherms of s-PP samples re-
corded using different heating rates ranging from 5 to
30°C min21 after partial crystallization at (Tc) 95°C
for 15 min.

Figure 8 Melting endotherms of s-PP samples re-
corded using different heating rates ranging from 5 to
30°C min21 after partial crystallization at (Tc) 75°C
for 1.5 min.
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because the Tm values observed for different Tc
values were not greatly affected by the lamellar
thickening process, which was in a good agree-
ment with our results discussed previously. It
should be noted that the extrapolation on the Tmh
was carried out just to provide a comparison to
the results obtained on the Tml data.

Even though the correlation coefficient (r2) of
the linear Hoffman–Weeks fit was very close to
one (i.e., r2 5 0.995), a slightly upward curvature
of the data was clearly discernable. This upward
curvature in the observed Tm versus Tc data was
also observed in various polymer systems,79,80

thus raising a concern on the assumed constancy
of the b. In fact, Weeks81 pointed out long ago that
the increase in the observed Tm value with in-
creasing crystallization time may be a result of
the lamellar thickening, which has a logarithmic
dependence on time. This simply means that the
thickening effect is much more severe at higher Tc
values (as a result of a combination of high mo-
lecular mobility and a small relaxation time)
where prolonged crystallization time is needed for
complete crystallization.

Although the nonlinearity in the observed Tm
2 Tc data over a wide range of temperatures was
explained to some extent by Alamo et al.,79 it is
the recent contribution by Marand et al.82 that
offers a new method of determining the Tm

0 value
based on the observed Tm 2 Tc data: the observed
Tm data were taken from samples crystallized at
different temperatures but with the same a priori
lamellar thickening coefficient. Based on the
Gibbs–Thomson equation [see eq. (1)] and the
proposition of Lauritzen and Passaglia83 on the
stem length fluctuation during chain folding, Ma-

rand et al.82 proposed a new mathematical deri-
vation that states a relationship between the ob-
served Tm and the corresponding Tc. This equa-
tion is called the nonlinear Hoffman–Weeks
extrapolation (NLHW), and is written in the form

Tm
0

Tm
0 2 Tm

5 bm
se

1

se
GT F Tm

0

Tm
0 2 Tc

1
D2DHf

0

2se
1 G

(3a)

or in a simpler form,

M 5 bm
se

1

se
GT ~X 1 a! (3b)

where bm is the thickening coefficient [see b in eq.
(2)], se

GT is the fold surface free energy associated
with a nucleus of critical size including the extra
lateral surface energy due to fold protrusion and
the mixing entropy associated with stems of dif-
ferent lengths (se

GT [ se in the Gibbs–Thomson
equation), se

1 is the interfacial energy associated
with the basal plane of the mature crystallite, D2
is a constant, and all other parameters are the
same as previously defined. It is worth noting
that for most cases it is safe to assume that se

1 5
se

GT.82 Precautionary remarks regarding the use
of the nonlinear Hoffman–Weeks procedure to es-
timate the Tm

0 were addressed in detail in the
original publication by Marand et al.82

In order to apply eq. (3) to analyze the experi-
mental Tm 2 Tc data in real polymer systems, it is
required that the observed Tm data be collected
from samples crystallized at different tempera-

Table III Variation of Low-Melting Peak Temperature (Tint), High-Melting Peak Temperature (Tmh),
and Enthalpy of Fusion (DHf)

Heat Rate
(°C min21)

Tc 5 75°C for 1.5 min Tc 5 95°C for 15 min

Tml (°C) Tmh (°C)
DHf

(J g21) Tml (°C) Tmh (°C)
DHf

(J g21)

5 113.9 126.8 30.6 123.1 130.0 8.7
10 114.0 125.5 23.0 123.1 128.8 3.1
15 114.0 124.6 14.6 123.2 — 2.2
20 114.0 123.6 10.8 123.2 — 2.3
30 114.5 123.3 6.6 123.4 — 1.6

114.1 6 0.2 127.7 6 1.4 123.2 6 0.1 129.4 6 0.8

The variations were determined from Figures 8 and 9 with the heating rate used to record the subsequent melting endotherms
after partial crystallization at (Tc) 75°C for 1.5 min and 95°C for 15 min, respectively.
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tures but having the same lamellar thickening
coefficient bm. For each set of the observed Tm 2
Tc data, corresponding values of M and X in eq. (3)
can be calculated for a given choice of the Tm

0 . For
the case of se

1 5 se
GT, the actual Tm

0 is taken as the
seed Tm

0 value, which results in the plot of M
versus X being a straight line with a slope of unity
(i.e., bm 5 1) and intercept of a (i.e., a 5 D2DHf

0/
2se

1). Because it was shown previously that lamel-
lar thickening did not occur in s-PP during crys-
tallization, at least within the Tc range studied,

we can reasonably assume that the observed
Tm data summarized in Table I were collected
from lamellae having the same bm, thus making
them eligible to be analyzed according to this
method.

Figure 10 shows variation of the M versus X,
which was calculated from the data shown in
Table I for different choices of the seeded Tm

0 .
Figure 11 shows the variation in the slope of the
plots of M versus X. Based on the virtue of this
method, the equilibrium melting temperature Tm

0

for this s-PP resin was found to be 185.6°C (for bm

5 1). The value of a associated with the resulting
Tm

0 value was determined from the y intercept of
the plot of M versus X and was found to be 2.30.
The linear and nonlinear Hoffman–Weeks extrap-
olations of the observed Tm 2 Tc data are plotted
in Figure 12. It should be noted that the r2 of the
fit obtained for both methods suggested that the
nonlinear Hoffman–Weeks extrapolation gave a
better fit to the bulk of the data than the linear
Hoffman–Weeks extrapolation (r2 5 0.998 in
NLHW vs. 0.995 in LHW).

CONCLUSIONS

Subsequent melting thermograms of s-PP after
isothermal crystallization at various Tc values
exhibited either double- or triple-melting endo-

Figure 10 Plots of the scaled observed melting tem-
perature [M 5 Tm

0 /(Tm
0 2 Tm)] versus the scaled crys-

tallization temperature [X 5 Tm
0 /(Tm

0 2 Tc)] for vari-
ous choices of the seeded equilibrium melting temper-
ature (Tm

0 ).

Figure 11 The variation of the thickening coefficient
(bm) as a function of the seeded equilibrium melting
temperature.

Figure 12 A plot of the observed melting tempera-
ture of the primary crystallites versus the crystalliza-
tion temperature. (—) The nonlinear Hoffman–Weeks
extrapolation calculated using bm 5 1.00 and a
5 2.30. (. . .) The linear Hoffman–Weeks extrapolation
(also shown in Fig. 3).

CRYSTALLIZATION AND MELTING OF S-PP 1095



therms, depending on the Tc studied. For isother-
mal crystallization at a Tc of #90°C, triple-melt-
ing endotherms were observed whereas only dou-
ble-melting endotherms were observed for a Tc of
$90°C. For subsequent melting thermograms ex-
hibiting triple-melting endotherms, the minor
and the Tml values corresponded to the melting of
the secondary and the primary crystallites
formed at corresponding Tc values, respectively,
while the Tmh represented the melting of the re-
crystallized crystallites formed during a subse-
quent heating scan. The formation of the recrys-
tallized crystallites was found to be a result of the
recrystallization of the crystallizable materials
after the melting of the secondary crystallites and
the partial melting of the less stable fractions of
the primary crystallites formed at the Tc. The
existence of the Tmh was found to strongly depend
on the stability of the secondary and the primary
crystallites formed and on the scanning rate used
during the heating scan.

Based on the present analysis, the primary
crystallites formed at the Tc did not thicken dur-
ing crystallization, at least within the Tc range
studied. The thickening process was thought to be
a kinetically controlled mechanism in nature. The
secondary crystallization was found to occur at a
later stage of the crystallization process, most
likely after the impingement of the macroscopic
crystalline aggregates onto one another. The for-
mation of the secondary crystallites was thought
to occur from crystallization of either the interla-
mellar crystallizable amorphous materials or the
interfibrillar amorphous materials (or both), de-
pending on the crystallization conditions studied.
Because of the fact that the minor endotherm was
always found located close to the corresponding
Tc, the thickness of the secondary lamellae had to
be thinner than that of the primary lamellae
formed at the same temperature.

The analysis of the observed Tm of the primary
crystallites and the corresponding Tc according to
the linear and nonlinear Hoffman–Weeks extrap-
olations gave Tm

0 values for this s-PP resin of
143.1 and 185.6°C, respectively.
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