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Abstract

Differential scanning calorimetry studies of the heating rate dependence of the multiple melting behavior of semicrystalline bisphenol
A-polycarbonate (BAPC) are presented for different molar masses. In all cases, heating traces exhibit, in addition to the high temperature
endothermic transition, a low endotherm located slightly above the crystallization temperature. After proper correction of the thermal lag
effects, the high endotherm melting temperatures of the higher molar mass BAPC-19K and BAPC-28K samples are found to be independent
of heating rate whether or not partial melting was carried out prior to recording the heating trace. These results demonstrate that the double
melting behavior observed for high molar mass BAPC cannot be explained by a melting—recrystallization—remelting mechanism. In
contrast, heating traces of the lower molar mass BAPC-4K sample exhibits two melting transitions within the high temperature endothermic
region, which change both in magnitude and location with scanning rate, suggesting that melting—recrystallization—remelting can occur
when chain mobility is sufficient to allow recrystallization. However, in all cases, the low and high endothermic regions are associated with
the melting of two distinct populations of crystals, which have different thermal stability and are both present in the as-crystallized material.
Crystallization studies after partial melting indicates that the low endotherm is associated with secondary crystals. The observed linear
dependence of the melting temperature of secondary crystals with the square root of heating rate is consistent with superheating of secondary
crystals. The origin of the superheating behavior is discussed in the context of conformational constraints in the residual amorphous fraction
and the effect of crystallization time and molar mass on the low endotherm loc&i®d00 Elsevier Science Ltd. All rights reserved.
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1. Introduction that the low endotherm melting temperature, after correc-
tion for thermal lag effects, still exhibits a significant
Isothermally crystallized bisphenol A-polycarbonate heating rate dependence in the case of PEEK. Since the
(BAPC) [IUPAC name: poly(oxycarbonyloxy-1,4 pheny- effect of heating rate on the observed multiple melting beha-
lene isopropylidene-1,4phenylene)] exhibits a double melt- vior, is generally used as a justification for the existence of
ing behavior upon heating [1-3], similar to that displayed reorganization effects, it is worthwhile to address this issue
by many other polymers such as poly(ethylene terephtha-more thoroughly. Specifically, it is imperative to examine
late) (PET) [4], poly(butylene terephthalate) [5], poly(ether whether such heating rate dependence is consistent with the
ether ketone) (PEEK)[6-9], poly(phenylene sulfide) [10], explanation of the multiple melting behaviors in terms of a
isotactic polystyrene [11-12], aliphatic polyamides [13], bimodal population of crystals of different morphological
and ethylene/-olefin copolymers [14]. The most common characteristics. In this paper, we use loosely the term
concepts invoked to explain the multiple melting behavior reorganization during heating as implying melting—recrys-
of semicrystalline polymers are: (1) melting of crystals of tallization—remelting, although we realize that reorganiza-
different stability [9-12,14]; and (2) a melting—recrystalli- tion can also occur through lamellar thickening or increase
zation—remelting process [6,7,15]. It is fair to state that this in crystal perfection.
apparently universal behavior is not completely understood. We have also recently discussed the effect of topological
In previous papers, we demonstrated that the concept ofconstraints on the secondary crystallization of ethylene/
melting—recrystallization—remelting does not explain the 1-octene random copolymers [14], PEEK [9,17], isotactic
multiple melting phenomenon observed for ethylene/ poly(styrene) (it-PS) [16,17] and PET [16,17]. A number of
1-octene copolymers [14] and PEEK [9]. We also noted apparently universal features of the secondary crystal-
lization process has emerged from these studies, even
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Table 1 recrystallization—remelting. In contrast, we find support for
Molecular characteristics and crystallization conditions of bisphenol-A  tha proposal that the double endothermic phenomenon is asso-
polycarbonate samples ciated with the melting of crystals, which differ in thermal

Sample M, M,/M,  Crystallization  AHS® stability and in morphological characteristics.
(g mol™) conditions (Jrg)

BAPC-4K 4300 1.02 16%,38h 34.4 2. Experimental

BAPC-19K 18800 1.99 17C, 384 h 27.2

BAPC-28K 28400 2.07 18€, 202 h 25.9

2.1. Materials characterization

f ethvlene/1-oct d | th traint Two of the bisphenol-A polycarbonate samples investi-
ot ethylene/1-octene random copolymers, the constraintS o504 iy this work are commercial grades from General

are structural in nature and are associated with the presenc lectric under the trade name LexariThese samples are
of hexyl branches along the polyethylene backbone. A denoted BAPC-19K and BAPC-28K to indicate differences
given copolymer chain is characterized by a distribution in their weight average molar masses. We also briefly
of crystallizable sequence lengths. While some .Of th(.a discuss the study of a narrow molar mass sample (BAPC-
methylene sequences are Iong. enough to_ parumpate In4K) obtained by solution fractionation of the commercial
lamellar growth by a chain folding mechanism (primary BAPC-28K sample. The experimental details for the frac-
crystallization), others are too short to form stable lamellae tionation procedure are described in a companion paper [18]

and can only quta"'ZG through a clustering process and dealing with secondary crystallization of BAPC fractions
form fringed mme]lar structures (seco_ndary crystallization). and bulk material. The commercial samples were purified
On the contrary, in the case of materials such as PEEK andby sequential dissolution in chloroform, filtration and preci-

IP ETI’ S[:'(:fnforma]ctltCJhnal k:: qnstralgtfh arise fro.m tthe m;rmjm pitation in methanol. These samples were washed several
ocal stiltness of the chains and their aversion toward adja- 165 with clean methanol and then dried under vacuum at

cent reentry folding during primary crystallization. Second- 150°C for a period of 24 h to remove possible traces of

ary crystallization in these mate_rials is also envisioned to solvent. Their weight average molar mass and polydisper-
oceur through clusterlpg of pha_m segments belonging to sity index, obtained by gel permeation chromatography in
cilia, loose folds and tie chains in the '”te”"."m?"ar amor- CHCl; at room temperature, are listed in Table 1. In order to
phous phase [12’1.6’1.7]' I_n all cases, the initial stage O_f avoid degradation of BAPC during residence at high

secondary crystallization is characterized by an Avrami temperature, the samples were further dried for 24 h under

?ﬁ( ponfent of 1/2. r-]r hg f_ecotnd:;ry c rtyst_alll.zfgnontl p:jqfcress Its vacuum above their glass transition temperature and kept in
€n, from a mechanistc standpoint, signimicantly cifterent o - yo sjcator prior to crystallization. Amorphous films,

from primary crystallization, which is usually described by 120+ 20 wm thick, were prepared under a nitrogen atmo-

a model pf nucleation-controlied gr'owth with A,Vrar."' sphere by compression molding of the dried samples at
exponent in the range. of 2 to 4'. Prlmary_ crystallization 25C°C for 5 min under a pressure of 150 psi, and subsequent
from the free unco_nstramed melt yields (_:ha!n folded lamel- cooling to room temperature. The amorphous films thus

lar structures, V.Vh'le secondary crystallization t.akes P lace prepared were then isothermally crystallized from the glassy
;rpm 3 colnstlialned amorphous h‘?hﬁse 3nd gl\l{es rse dtostate under an inert atmosphere. Under the crystallization
riNgex bTICE ar strluctur?s at 'g un I.ercooslngs 3” conditions employed here these samples nearly achieve
mosaic-bloc crystals at lower un €rcoolings. Seconaary y,qi. maximum heat of fusion (see Table 1). Analysis of the

crystall|z_at|on has al_so been found to result in a Sh'ft_to crystallized BAPC samples by GPC confirm that residence at
longer times or to higher temperatures of the relaxation the high crystallization temperature for extended periods of

spectrum gs;ouated with the glass.to rubber trgns!t|on time did not adversely affect their molar mass distribution.
[9,16,17] similar to that observed during the crosslinking

of an amorphous polymer. 2.2. Differential scanning calorimetry

In the present paper, we investigate the multiple melting
behavior of BAPC in some detail. The exceedingly slow  The thermal behavior of these samples was investigated
crystallization of BAPC makes it an excellent candidate by differential scanning calorimetry using Perkin—Elmer
for this study, since the different stages of crystallization DSC-2 operated under nitrogen purge with an ice/water
and melting can be easily separated. We examine theheat sink. In order to reduce differences among samples
circumstances under which reorganization by melting and due to thermal lag, similar discoid samples of 120
recrystallization can be observed during heating and conclude20 um thickness and 1@ + 1.0 mg mass were employed.
that, as in PEEK [9], such effects, when present, affect primar- Both heating and cooling experiments were performed at
ily the shape of the upper melting endotherm. We demonstratedifferent scanning rates ranging from 0.3 to°@0min.
that the multiple melting phenomenon universally observed The heat capacity calibration was carried out using a
after isothermal crystallization in semiflexible chain polymers sapphire standard after empty pan subtraction. The temperature
is in general not explained by a mechanism of melting— calibration during the cooling scans was achieved by
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2.0 recrystallization—remelting during heating generally exhi-
bits a strong heating rate dependence [15,19]. At low heat-
— HR= 25°C/min ing rates, there is sufficient time for melting of initially
15 + — — HR= 5.0°C/min present crystals and recrystallization during the heating
—— HR=100°C/min scan. In this case, the low endotherm is a net result of the
superposition of the melting endotherm of initial crystals
and the recrystallization exotherm of the just molten mate-
rial. The high endotherm is then observed at temperatures
where recrystallization effects are no longer significant and
where the melting of crystals formed during the heating scan
becomes dominant. At high heating rates, initially present
crystals melt during the heating scan but recrystallization
cannot take place since the residence time at temperatures
= | where crystallization could take place becomes too short. In
175 200 225 250 this case, a single melting endotherm is observed. Therefore
Temperature (°C) in the case of melting—recrystallization—remelting
processes during heating, an increase in heating rate should
Fig. 1. Effect of heating rate on the melting behavior of BAPC-28K crystal- |ead to a shift of the high endotherm to lower temperatures
lized at 1858C from the glassy state for 202 h and quenched td@00 and a decrease in the relative magnitude of the high
endotherm viz., that of the low endotherm. To avoid such
recording the isotropic-to-nematic phase transition of azox- processes during heating, one should carry out the DSC
yanisole (T,,y = 1360°C). The temperature calibration experiment at high heating rates. Unfortunately under
during heating scans was accomplished by recording thethese conditions, thermal lag effects lead to a broadening
melting transition of an indium standard sandwiched and a shift to higher temperatures of the observed endother-
between two amorphous BAPC films. Finally, crystalliza- mic transition [19]. Commonly, metal standards are used to
tion temperatures during isothermal treatments were cali- calibrate the temperature scale at a given heating rate.
brated by extrapolating the melting temperatures of However, since the thermal conductivity of organic materi-
standards (tin, lead and indium) to zero heating rate. In all als is much lower than that of metals, use of pure metal
cases, DSC traces are presented after subtraction of a basestandards leads to an inadequate temperature calibration
line, which approximates the heat capacity of the semicrys- and, more importantly, does not allow to correct the shape
talline sample over the temperature range considered. Useof the melting endotherm for the effect of temperature gradi-
of a linear baseline in the melting region was mandated by ents within the sample. We therefore carried out the
the lack of availability of heat capacity data for the crystal temperature calibration using an indium standard sand-
phase of bisphenol-A polycarbonate. Therefore, the heatingwiched between two amorphous BAPC films and subse-
traces presented in this paper only provide information on quently used Gray's method [20,21] to correct for the
enthalpic contributions associated with the melting process. effect of heating rate on the endotherm shape.
Consequently, apparent heat capacitiegdT) will vanish In Fig. 1, the corrected heating traces of BAPC-28K crys-
above and below the melting transition. tallized for 202 h at 18% by heating from the glassy state
are displayed for heating ratg3, ranging from 2.5 to 2GC/
min. Heating of BAPC-28K subsequent to the above crystal-

———- HR=20.0 °C/ min

dg/dT (J.g'K")

3. Results and discussion lization process gives rise to a low, an intermediate and a
. . o high melting endotherm. The intermediate endotherm
3.1. Nature of the multiple melting behavior in BAPC spreads over a wide temperature range and under this parti-

. ) ) o ) cular crystallization condition overlaps with both low and
A multiple melting behavior arising from melting—  nigh melting endotherms. As can be observed in Fig. 1 and

Table 2 in Table 2, the location of the high endotherm is found to be
Melting temperatures of BAPC-28 after and before partial melting independent of heating rate (fg8 > 2°C/min). On the
Heating rate BAPC-28K (original) PM:BAPC- cpntrary, the low endo_the_rm shif'_[s systematically towards
(C/min) crystallized at 18 28K Partially higher temperatures with increasing heating rate. The total

for 202 h melted at 220C heat of fusion of the sample (25.9 J/g) is independent of

. — — heating rate.

Tn" (C) " (C) " (C) We now focus on the results of similar experiments
25 204.0 229.1 228.9 carried out for BAPC-4K. In Fig. 2, we show DSC heating
5.0 205.6 228.5 228.2 traces obtained after crystallization at 165for 38 h at
10.0 207.2 227.8 228.6 scanning rates ranging from 5 to *min. In each case
20.0 208.9 228.4 228.7

three endotherms are detected. The lower endotherm is
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3.0 for 202 h slightly above the peak temperature of the low
_ : endotherm, (i.e. 22€). Upon reaching 22C, these
25+ R e i samples were cooled to 1@ at a rate of-40°C/min and
— HR=20.0°C/min ;'\v | subsequently reheated at various rates to record their melt-

ing behavior. The corrected heating traces of partially
melted BAPC-28K (PM;BAPC-28K) samples are shown
in Fig. 3 for rates ranging from 2.5 to 2Z0/min.
PM;BAPC-28K samples solely exhibit a high endotherm
whose corresponding peak melting temperature (see Table
2) and heat of fusion are found to be heating rate indepen-
dent. The average heat of fusion of the partially melted
samples is equal to 8.4 J/g. The high endotherm melting
= _ v temperature‘,l’,'T‘]'gh, of the original sample (third column) is

| | | found to be identical, within experimental error, to that of
150 175 200 225 250 the partially melted sample (fourth column) for all heating
rates.

The observations, for higher molar mass BAPC materials,
Fig. 2. Effect of heating rate on the melting behavior of BAPC-4K crystal- that partially melted samples exhibit exclusively the higher
lized at 165C from the glassy state for 38 h and quenched (@00 endothermic transition and that identical peak temperatures

are obtained for the high endotherm in the original and
observed slightly above the crystallization temperature and partially melted samples lead us to conclude that the multi-
shifts to higher temperatures with increasing heating rate. ple melting behavior is associated with the fusion of crystals
The upper endothermic region shows the trend expected forexhibiting different morphologies and stabilities. For high
a melting—recrystallization—remelting phenomenon. The molar mass BAPC samples, the high endotherm does not
enthalpy of fusion of the intermediate endotherm increasesarise from reorganization processes taking place during
and that of the highest endotherm decreases with increasingheating but is associated with the melting of primary (lamel-
heating rate. Further, the intermediate endotherm shifts tolar) crystals. For both high and low molar mass samples, the
higher temperatures while the highest endotherm shifts tolow endotherm is associated with the melting of crystals
lower temperatures with increasing heating rate. A similar formed during secondary crystallization.
increase in the rate of reorganization during heating with  In the previous set of experiments, we investigated sepa-
decreasing molar mass has been reported for poly(vinyli- rately the characteristics of the high and low endotherms by
dene fluoride), nylon-12 and poly(phenylene sulfide) by direct comparison of heating traces of as-crystallized and
Judovits et al. [22]. partially melted BAPC samples. This comparison is based

Partial melting experiments were carried out by heating on the assumption that partial melting and subsequent cool-
(B = 20°C/min) BAPC-28K samples crystallized at 1&5 ing of the samples do not affect the population and the size
of the most stable primary crystals. The observation of iden-
tical peak melting temperatures for as-crystallized and
partially melted samples indicates that the heating rate and
R 25°Cmin the upper temperature used for partial melting were properly
— — HR= 5.0°C/min chosen to avoid reorganization of the primary crystals. In
R e min | order to investigate the melting characteristics of secondary

' crystals, it is important to ensure that there is no morpholo-
gical evolution during cooling between the upper tempera-
ture used for partial melting and the temperature at which
secondary crystallization is performed (see below). We
therefore need to discuss the influence of the rate of cooling
from 220 to 100C on the subsequent melting behavior. Fig.
4 shows the melting traces of a series of PM;BAPC-28K
samples, which were cooled to T@ at different rates
ranging fromB = —0.3 to —40°C/min. The heating traces
' ? were recorded at a constant rate of@0nin. We note that
175 200 225 230 the melting trace of a partially melted sample is independent

Temperature (°C) of cooling rate for rates in excess of ZBmin. However,

Fig. 3. Effect of heating rate on the melting behavior of BAPC-28K crystal- for cooling rates lower or equal to 2G/min, both the

lized at 185C from the glassy state for 202 h, partially melted at22and ?mhalpy O_f fusion anId the .peak melting ter_nperatL!re
quenched to 10C. increase with decreasing cooling rate. A close inspection

dg/dT (J.g'K)

Temperature (°C)

2.0

1.0 +

dg/dT (J.g'K")

0.5 +

0.0
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25 - - — leads to an increase in crystallinity. We emphasize,
R 00O however_, that such effects are only observed for extremely
. o CR=20.0°C/min low cooling rates.
T gﬁ:lggjg:“%: The occurrence of reorganization processes (melting—
——— CR= 0.6°C/min recrystallization—remelting and/or lamellar thickening) in

CR = 0.3°C/min

wn
|
T

the high endotherm region is therefore a function of the
sample molar mass, and the scanning rate during heating
or cooling in the case of partially melted samples. We
mentioned earlier that the induction period for the crystal-
lization of BAPC chain segments is much shorter when

dg/dT (J.g'.K")
>
|

057 crystals are already present than when crystallization occurs
B from the free melt. Studies of the effect of cooling rate after
0.0 cemiio= = partial melting indicate that further crystallization can

indeed occur if sufficient time is given for this process (cool-
175 200 225 250 ing rates less than 26/min). This suggests that the rate of
formation of new crystals is enhanced either when other
crystals are already present or if previous melting has not
Fig. 4. Effect of cooling rate on the melting behavior of BAPC-28K crystal- |ed to a totally relaxed amorphous fraction. Under both
lized at 1858C from the glassy state for 202 h, partially melted atZ2and circumstances, the energy barrier for crystal nucleation
cooled to room temperature.

appears to be reduced. In a separate study of secondary

crystallization of BAPC we show that the induction periods
of Fig. 4 also reveals that the melting process of rapidly for the primary and secondary crystallization of BAPC-28K
cooled PM;BAPC-28K samplegg| = 10°C/min) occurs at 185C differ by three orders of magnitude (48 h and
in a relatively narrow temperature range. In contrast, the 1 min, respectively) [18]. This clearly suggests a difference
onset of melting in samples cooled more slowly between in mechanism between primary and secondary crystalliza-
220 and 10€C is observed at much lower temperatures. tion. During partial melting, chain segments in secondary
These observations indicate that during slow cooliy = crystals loose crystallographic registration but cannot return
2.5°C/min) further crystallization can take place in the to the random conformational state characteristic of the
partially melted samples. Note that upon cooling an initially unconstrained molten phase. This is likely to be a conse-
amorphous BAPC from the melt, even at scanning rates quence of both the rigid backbone structure of BAPC and
much lower than those used here, no perceptible crystalliza-the constraints exerted by surrounding primary crystals.
tion occurs. This is due to the large induction time asso- We also noted that for both BAPC [18] and PEEK [9], the
ciated with the crystallization of BAPC from the free melt low endotherm position is identical for as-crystallized
[23—-25]. However, in presence of already existing crystals, samples and for samples that were partially melted and
(i.e. those left after partial melting), and possibly because of further crystallized at the initial temperature. Since the melt-
conformational constraints present in the residual amor- ing temperature of secondary crystals formed at a given
phous fraction, the crystallization rate is noticeably temperature has been suggested to reflect, at least in part,
enhanced. This phenomenon has been previously reportedhe conformational entropy of the surrounding liquid
in the literature [3—18] and is discussed below in more [9,16,17], it follows that partial melting leads to the same
detail. The shift of the melting endotherm to higher local melt entropy as characteristic of the amorphous phase
temperatures with decreasing cooling rate (see Fig. 4)prior to secondary crystallization. In other words, chain
suggests either that lamellar thickening may be operative segments which participate in the secondary crystallization
in BAPC crystals at temperatures in the vicinity of 200— process at some temperattrexhibit the same conforma-
220°C or that some crystals form during cooling between tional entropy after partial melting and quenchTtas they
220 and 18%C. These crystals would indeed be expected to did at the beginning of secondary crystallizationTawith-
be more stable than those formed during the initial crystal- out partial melting. A lower conformational entropy of the
lization at 188C. However, in this case the heating trace residual amorphous fraction may be at the origin of both the
might be expected to exhibit multiple peaks or at least a high much shorter induction time for secondary crystallization,
temperature shoulder. The observation of a single, relatively and the fact the resulting secondary crystals can exhibit
narrow endotherm suggests that both processes (lamellasuperheating effects (see later).
thickening and new crystal formation) may be at play. Insummary, the results presented in this section allow us
The occurrence of lamellar thickening by annealing at to establish the specific conditions necessary to avoid
temperatures above 2@ has actually been evidenced further crystallization during cooling of partially melted
through atomic force microscopy and will be the subject samples and also to prevent reorganization during heating.
of a subsequent paper [26]. In conclusion, longer residenceFurther, we will show in a separate publication that for high
at temperatures in the range 220-A85during cooling molar mass BAPC samples the high endotherm location and

T

Temperature (°C)
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Table 3

Heating rate parameters for secondary crystallization under different con-
ditions. (PM: partial melting at 22C; SC for secondary crystallization at
the indicated temperatur@;: heating rate ifC/min)

Samples Crystallization Tlow — (Tlowye 4 K gY2

conditions

(Ta") K

BAPC-28K 188C, 202 h 202.2 1.52
PM; BAPC-28K SC:17%C, 120 min 189.7 1.50

SC: 185C, 40 min 196.7 1.49

SC: 185C, 120 min 199.2 1.56
BAPC-19K 170C, 384 h 189.9 1.50
PM; BAPC-19K SC: 17¢C, 120 min 181.5 1.49
BAPC-4K 165C, 38 h 176.5 2.18

heat of fusion associated with primary crystals formed at
185°C are not affected by isothermal treatments as long as
200 min in the range 165-185 and 10 min in the range
195-223C [26].

3.2. Heating rate dependence of the low endotherm

S. Sohn et al. / Polymer 41 (2000) 8879-8886

@® CX-185°C, 202 hours
215 T m  Cx;PM; SC-185°C, 120 minutes
A CX;PM; SC- 185°C, 40 minutes
v CX;PM,; SC-175°C, 120 minutes
210
~ 205
&
o
:
B E
= 200 +
195 +—
190 } I I % I

—
3 4 6
[ Heating rate (°C/min )]"?

Fig. 6. Effect of heating rate on the low endotherm location of BAPC-28K

Secondary crystallization experiments were conducted atcrystallized under various conditions.

different temperatures with a series of partially melted
BAPC samples. After partial melting at 220 the samples
were immediately quenched to a temperatiite where
further crystallization was allowed for a given ting,
(see Table 3). Note that in all cases the temperaflyge,
associated with this crystallization stage is below or equal

40 min are displayed for heating rates in the range 5-
20°C/min. Comparing the T€/min heating trace of the
partially melted samples with and without further crystal-
lization at 185C confirms once more that both the location
and the heat of fusion of the high endotherm are not affected

to the primary crys_tallization temperature. According to the by the second thermal treatment at 1B5Crystallization at
results presented in the previous section, we do not expecti gsc after partial melting leads to the development of a

the morphological characteristics exhibited by primary
crystals to be affected by the secondary crystallization
process.

In Fig. 5 the heating traces of partially melted BAPC-28K
before and after secondary crystallization at “t85or

2.0

Partially melted at HR = 10°C/min
—— HR= 5.0°C/min
— — HR= 10.0 °C/min
——- HR = 20.0 °C/ min

dq/MdT (J.g'K")

175 200 225

Temperature (°C)

250

Fig. 5. Effect of heating rate on the melting behavior of BAPC-28K crystal-
lized at 1858C from the glassy state for 202 h, partially melted at"Z2énd
recrystallized at 18% for 40 min.

low endotherm observed just above the crystallization
temperature. Further, the low endotherm melting tempera-
ture increases steadily with heating rate. Similar results are
observed for crystallization at different temperatures after
partial melting. On closer examination of Fig. 5 we also note
that at the lowest heating rate°(@min), a small shoulder
develops between the low and high endotherms. The overall
enthalpy of fusion associated with the low endotherm and
shoulder appears to remain independent of heating rate. This
observation suggests that secondary crystals may undergo a
small extent of reorganization by melting—recrystalliza-
tion—remelting during slow heating. However, we empha-
size that the extent of reorganization, as indicated by the
enthalpy of fusion associated with the shoulder, is small and
will not affect significantly the location of the low
endotherm peak melting temperature. We also emphasize
that reorganization processes in the low endothermic region
are not present for heating rates exceediftC1fdin. These
latter observations provide additional and strong support for
our claim that the low and high endotherms are associated
with the melting of two different morphological entities.
These results also suggest that temperature modulated
DSC may not be the most appropriate tool to investigate
the melting behavior of as-formed secondary crystals
since this technique relies on the use of very low heating
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rates, at which reorganization processes can become signifSecond,
icant.
W

metastable crystals with conformationally
constrained interfacial chains such as tie chains or loose
In Fig. 6, the low endotherm melting temperatufg", is loops will also exhibit reduced entropy of fusion upon melt-
plotted as a function of the square root of heating rat&, ing (i.e. show superheating). The increase in the melting
for different secondary crystallization conditions. The use of temperature of secondary crystals with heating rate,
this particular graphic representation is discussed later. Inobserved in our study, is most likely associated with the
Fig. 6 we have also included the data corresponding to thelatter case. Such reduction in entropy of fusion has already

original sample crystallized at 185 for 202 h. In all cases,
and in line with previous results obtained with PEEK,
isotactic polystyrene and PET [17I1%" is well described
by a linear function of32. Moreover, the slopes of the

various TV vs 8?2 line are identical within experimental

been discussed by Wunderlich [19] and Zachmann [29] in
the context of fringed micellar structures. As mentioned
earlier, previous investigations strongly suggest that the
low endotherm in many semicrystalline polymers is asso-
ciated with the melting of bundle-like or fringed micellar

error (see Table 3, BAPC-28K exhibits an average slope of secondary crystals [9,14,16]. The formation of fringed

152+ 0.03). It is important to recognize that a constant
value for the slopes o/ vs B2 lines is incompatible

with the account of the multiple melting behavior by a melt-
ing—recrystallization—remelting process. We do acknowl-
edge that the upward shift of the low endotherm with
increasing heating rate is itself compatible with the occur-
rence of melting—recrystallization—remelting during heat-

micellar structures during secondary crystallization has a
profound influence on the remaining amorphous phase.
Secondary crystallization leads to an increase in the level
of conformational constraints, thus to a reduction in the
conformation entropy of the remaining amorphous phase.
In support of this point of view, both the glass transition and
the low endotherm melting temperatures are found to shift

ing. We note, however, that the same dependence ofto higher temperatures with increasing secondary crystal-
melting temperature on heating rate is displayed for crystals lization time. Theoretical support for this idea has been
exhibiting intrinsically different thermal stabilities. For recently obtained from thermodynamic correlations
instance, the same slope " — Y2 is observed for crys-  between the temporal evolution of the melting temperature
tals formed at 18%C over a period of 202 h, (more stable) of secondary crystals and that of the glass transition
and for crystals formed at 176 for 120 min (less stable).  temperature of the residual amorphous fraction [17]. This
Such behavior is incompatible with expectations for melt- thermodynamic model was successfully applied to experi-
ing—recrystallization—remelting phenomena. mental data on it-PS, PEEK and PET. All the above argu-
A clue for the origin of the heating rate dependence of the ments suggests that the shift of the low endotherm to
low endotherm melting temperature is obtained from the higher temperature with increasing heating rate, is compa-
linearity of T,'ﬂw vs B2 plots after thermal lag correction. tible with superheating of metastable fringed micellar
This observed behavior has been shown by Strobl andcrystals.
coworkers to be a characteristic of superheated crystals As a final argument supporting the applicability of super-
[27]. Superheating is a term used to describe the melting heating concepts in the case of secondary crystals, we
of a crystal at a temperature above that expected from equi-compare the degree of superheatif” — (T/2%)°, for
librium considerations. To obtain the linear dependence BAPC samples of varying molar masses. Examination of
betweenTﬁ,?W andB*? the rate of melting must be assumed Table 3 indicates that the slope which is directly related
to be a linear function of the degree of superheating [19,27]. to the degree of superheating, is considerably larger for
Using temperature modulated differential scanning calori- BAPC-4K than for the other two BAPC samples. In a paral-
metry Toda et al. [28] recently showed that the hypothesis of lel study, we also found that rate of shift of the low
a linear dependence of the rate of melting on superheatingendotherm with secondary crystallization time is signifi-
may be oversimplified. According to Toda et al. [28] a rate cantly larger for BAPC-4K than for BAPC-19K and
of melting proportional taATY, leads to a linear variation of BAPC-28K [18]. Studies of narrow molar mass fractions
the degree of superheating wigt>*¥. At this point it is indicate that this difference in behavior is not associated
not possible for us to accurately determine the valug.of with the broader molar mass distribution of BAPC-19K
However, a value of in the vicinity of 0.5 yields an accep- and BAPC-28K. The increase in both the superheating
table fit of our experimental data. effects and the rate of shift of the low endotherm melting
The degree of superheating of a specific crystal at a giventemperature with secondary crystallization time for lower
heating rate 8, is defined as the difference between the molar mass materials is most likely explained by the
melting temperature at that heating rate, in our ciﬁé’,, increase in primary crystallinity and the resulting rise in
and the equilibrium or zero entropy production melting conformational constraints in the residual amorphous
temperature of that crystalT\S")°. In polymeric materials, ~ fraction with decreasing molar mass. In support for this
two types of crystal morphologies lend themselves to super-interpretation, we note that studies of poly(phenylene
heating [19]. First, in materials such as polyethylene or sulfide) by Cebe et al. [30] indicate that the content in
polytetrafluoroethylene extended chain crystals, superheat-rigid amorphous fraction increases with decreasing molar
ing is due to the slow kinetics of melting large crystals. mass.
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4. Conclusions

Studies of the heating rate dependence of the melting
behavior of semicrystalline bisphenol-A polycarbonate of
various molar masses indicate that the high and low
endothermic regions are associated with the melting of
primary and secondary crystals, respectively. No reorgani-
zation effects during heating are observed for BAPC-19K
and BAPC-28K in the usual range of scanning raies>
2.5°C/min). In contrast, the lower molar mass material,
BAPC-4K, exhibits a melting—recrystallization—remelting
process during heating. However, this reorganization
process, which is mediated by the higher mobility, thus
higher recrystallization rate of the shorter chain length poly-
mer, only affects the shape of the high endothermic region.
The observed upward shift of the low endotherm with
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and is fully consistent with the notion that amorphous chains
in the vicinity of secondary crystals are conformationally
constrained and that these constraints do not fully relax
upon melting the secondary crystals.
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