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Abstract

Non-isothermally crystallized samples of the neat isotactic polypropylene homopolymer (PP-0) and of a series of nanocomposites (PNC)
containing up to 4.68 vol.% of organosilica were characterized by wide-angle and small-angle X-ray diffraction and by the standard DSC,
while their melting behavior was studied in the temperature-modulated DSC mode at three underlying heating rates and five modulation
frequencies.

It was established that the lamellar morphology of PP remained essentially unchanged, whatever the previous cooling rate and/or the
organoclay content. The patterns of melting endotherms in both the neat PP sample and the PNC could be semi-quantitatively characterized
by a simple Debye model with a single, temperature- and underlying heating rate-dependent characteristic time. The mechanisms of structural
rearrangements in the melting intervals of the neat PP sample and the PNC were basically similar; however, the spatial scale of such
rearrangements in the latter samples was significantly reduced due to severe steric constraints on the PP chain mobility in the melt state from
the infinite cluster of nanopatrticles.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction proceeds via the formation of thermodynamically less stable
(i.e., those melting &y < 7,2) but kinetically more favorable
Theoretically, under isobaric conditions the ideal melt- folded-chain crystals (FCQ)—3]. For this reason, the appar-
ing point 7;3 of a crystallizable polymer partitions the two-  ently solid polymers beIoW",% are “semi-crystalline” in the
dimensional phase space into temperature domains of stasense that a substantial portion of material-(X) (where
bility of liquid (i.e., melt) and solid (crystal) states. The X is the degree of crystallinity) remains in a disordered,
equilibrium melt above is macroscopically homogeneous non-crystalline state in the interstitial space between FCCs
in the sense that no inner interfaces are allowed to exist. (lamellae).
In principle, the same argument should also apply in the Kinetic theory[3] predicts that the lamellar morphology
temperature interval beIO\ﬂr?] to the ideal polymer crystal  of a semi-crystalline polymer is controlled by competition
made up of completely extended chains (ECC). In practice, between the rate of deposition of secondary (surface) FCC
however, crystallization of flexible-chain polymersinvariably nuclei on the crystal growth face and the rate of lateral
spreading of such nuclei along that face. Depending on
*+ Corresponding author. Tel.: +380 44 559 40 95 the degree of melt undercoolingT=7p—T, crystal-
fax: +380 44 552 40 64. lization may result in the formation of either a few large
E-mail addressprivalko@iptelecom.net.ua (V.P. Privalko). FCC (regime | at very IowAT) or nhumerous small FCC
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(regime IIl at very highAT); the intermediate case of 3. Results and discussion
moderate AT corresponds to crystallization by regime
Il. 3.1. Structural characterization of the initial samples

In principle, qualitative information on the initial mor-
phology of a semi-crystalline polymer can be derived from  The overall patterns and the angular positions of crys-
the shape of a melting endotherm in the DSC heating run talline reflections on the WAXS diagrams of both the neat
[4], provided the heating rate exceeds the rate of even-PP-0 and all PNC (see the representative plotsig 1la
tual structural rearrangements (i.e., under conditions of for samples prepared & =16 K/min) were identical to
“zero entropy production]5]). Otherwise, the expected those for a typical isotactic PR9]. The WAXS degrees of
DSC melting pattern can be distorted by contributions from crystallinity XWAXS as well as the effective dimensions of
other endo- or exothermal effects, such as local melting crystalline PP lamella@waxs) (estimated from broadening
and recrystallization, superheating, €&,7]. Nevertheless,
such effects can be adequately accounted for with the
temperature-modulated DSC (TM-DSC) either by separat-
ing the reversing and non-reversing components of the ap-
parent specific heat capacity in the melting intef@10],
or by analyzing its frequency and heating rate dependencies
[11-13].

Our previous studies in the standard DSC md@ have
revealed significant differences in both the nucleation param-
eters and the overall patterns of non-isothermal crystalliza-
tion for the neat isotactic polypropylene and its organosilica
nanocomposites. It is therefore the purpose of the present
paper to study the melting behavior of these systems in the
TM-DSC mode.

Scattering intensity / arb. units

2. Experimental PP-0

The neat isotactic polypropylene (PP) homopolymer and ' ' ' ' '

the nanocomposites containing up to 4.68 vol.% of organosil- ° 10 5 20 25 %
ica (samples PP-0, ., PP-4.68, respectively) were the same @) Scattering angle 26/ deg
as those used in our previous studib$-16].

The solid samples prepared under identical conditions of 8000 | — 0.5k/min
non-isothermal crystallization from the melt were charac- " ______ 2 k/min
terized at room temperature by the wide-angle and small- 2500 | i S 4 K/min
angle X-ray scattering (WAXS and SAXS, respectively), as eeeeeee 16K/MN
described in detail elsewheft5,16]. ‘

Enthalpy relaxation during the heating runs was monitored
in the temperature-modulated (TM) mode with the TM-DSC
instrument (Perkin Elmer DSC-2, upgraded and supplied
with signal processing software by the IFA GmbH, Ulm).
Each sample was initially “overheated” by50 K above the
apparent melting temperature of PPy (¥ 440K), stored
for 3min, cooled in the DSC mode at one of the two con-
stant cooling rateg™ (20 or 0.5 K/min) to~360K, stored
isothermally for ca. 2 min and immediately heated up again
in the TM mode at one of the three underlying heating rates
g*=0.5, 1 and 2 K/min (modulation amplitude: 0.1 K; mod-
ulation frequencies 10, 17, 33, 50 and 100 mHz). The cal- ok
ibration for determination of the total specific heat capacity
(cp) and of its reversing part (i.e., the complex specific heat
capacityc,) was carried out according to the recommended

procedureq17,18] using a sapphire and a fused quartz as Fig. 1. wAXs patterns for samples of series 1 (a) and SAXS patterns for
standards. PP-0 prepared at the indicated cooling rates (b).

2000

1500

1000 -

Scattering intensity / arb. units

500

0,0 0,5 1,0 1,5 2,0
(b) Scattering vector ¢ / nm



V.P. Privalko et al. / Thermochimica Acta 428 (2005) 31-39 33

Table 1
Structural parameters derived from the WAXS data
Samples g~ (K/min)

0.5 2 4 16

Xwaxs {lwaxs) (nm) Xwaxs {lwaxs) (nm) Xwaxs {lwaxs) (nm) Xwaxs {lwaxs) (nm)
PP-0 0.68 7.4 0.67 7.7 0.67 7.3 0.66 7.5
PP-0.39 0.69 7.5 0.68 7.5 0.67 7.4 0.66 7.6
PP-0.65 0.68 7.4 0.68 7.6 0.67 7.5 0.66 7.5
PP-1.96 0.67 7.3 0.68 7.4 0.67 7.5 0.66 7.3
PP-4.68 0.67 7.1 0.67 7.0 0.67 7.2 0.65 6.8
of the crystald; 1 o reflection at 26< 14° by Sherrer’s for- lamellar morphology of PP remained unchanged, whatever

mula) tended to decrease slightly, the higherghdor both the previous cooling rate and/or the organoclay content.
PP-0 and PNC; each of these parameters, however, turned As typical for unoriented semi-crystalline polymers with
out essentially composition-invariant (Table 1). A similar stacks of FCC lamellae separated by non-crystalline material
conclusion could be made for the DSC degrees of crys- in the interstitial spacfl9], the well-resolved SAXS reflec-
tallinity (Xpsc=AHm/A HS, = 0.68+0.03, whereAHy, and tion near the scattering vectgr~0.325 nnt! for PP-0 at
AH? (=165.2 J/g)4] are the melting enthalpies of a semi- g~ =16 K/min (Fig. 1b) tended to shift to lower values of
crystalline sample and of a completely crystalline isotactic g (i.e., the corresponding Bragg's periodicities increased),
PP, respectively). It can be inferred from these data that thethe lower the previous cooling ratg (Fig. 1b). This reflec-
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Fig. 2. Complex specific heat capacities of PP-0 prepared at the cooling rate¥ofif.&), 2/min (b), 10/min (c) and 20/min (d) (underlying heating rate:
0.5°/min).
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tion, however, could not be resolved on the SAXS curves of melting pointT,, whereas for samples prepared by cooling at
PNC due to the sharp increase of SAXS intensity in the sameq™ = 20 K/min>> g* (series 2) one could observe not only the
range of scattering vectors. These results suggest a significantain melting peak afy, but also the appearance and gradual
increase of structural heterogeneity due to the appearanceyain in the intensity of a subsidiary maximum &f, < Tp.

of new, strongly scattering entities (presumably, polymer- It followed from this latter result that structural rearrange-
nanoparticle interfaces and microvoids) with broad distribu- ments in the course of heating through the melting interval

tion of their sizeg14,15]. were more pronounced in the samples of series 2.
As can be seen frorkig. 3, both the reversing, excess
3.2. Kinetics of melting specific heat capacitie$, as well as the corresponding peak

areas within the melting intervals of the PNC were not only

The common features of the heating runs for both PP- smaller than those for the neat polymer sample PP-0, but
0 and the PNC were the initial smooth increases of both systematically decreased, the higher the organoclay content.
Cp andcy, in the solid state followed by sharp melting en- This effect can be attributed to severe steric constraints on
dotherms and final apparent leveling-offs in the melt state the PP chain mobility in the melt state of the PNC from the
(see the representative plots for PP-OFig. 2). For sam- infinite clusters of nanoparticlg$5,16].
ples prepared by cooling at =0.5K/min<q* (hereafter As expected, the reversing specific heat capacitjesit-
referred to as series 1) the melting endotherms were virtually side the temperature interval of melting were modulation
unimodal, passing through a single maximum at the apparentfrequency-invariant, while within that interval the values of
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Fig. 3. Complex specific heat capacities in the melting intervals of PP-0.39 (a), PP-0.65 (b), PP-1.96 (c) and PP-4.68 (d) prepared at the d&fiigiate o
(underlying heating rate: 0Bnin).
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c,, as well as the corresponding peak areas tended to de- In terms of the standard definitigh],
crease, the higher the modulation frequency (Fig. 3). Similar

— » /
behavior was also observed for the reg))(and the imagi- ¢pl@) = est+ cyyn(@). (1a)
/ ifi i /! /!
nfr_y sdp) components of the complex specific heat capacity, (@) = Cdyn(w)’ (1b)

cy cp—ic;; (Fig. 4). These results implied that the charac- = _ _ _
teristic times (J for structural rearrangements involved were it is the dynamic parts of real and imaginary components
comparable to the modulation periods (i.e., reciprocal fre- of ¢, [cgyn(w) andcg (o), respectively] which account for
guencies). its response to the circular modulation frequeancyn the

2 oL
1 1 I 1 1 1 n 1 1 1 1 n 1 n 1 L 1 n 1 1
425 430 435 440 445 450 420 425 430 435 440 445 450
(a) T/K (b) T/K
9 9
s| 8r

2+ 2
. I . I . ] R I . 1 A . L . I L i . 1 ; ] L
420 425 430 435 440 445 450 420 425 430 435 440 445 450
(c) T/K (d) T/K
9 3,0
8r 2,5
7 =
— i 5 2,0
X L <
=2 2
rl = 15
~ b F ~
502. - -OQ
4 1,0
3 ~
0,5
2 ~
A L A 1 R ] . ] A L A 00
420 425 430 435 440 445 450 425 430 435 440 445 450
(e) T/K ® T/K

Fig. 4. Real (a—e) and imaginary (f—j) components of the complex specific heat capacities of PP-0 (a and f), PP-0.39 (b and g), PP-0.65 (c and h), PP-1.96
(d and i) and PP-4.68 (e and j) prepared at the cooling rate“@i2@ (underlying heating rate2nin).
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Fig. 4. (Continued.

melting interval. Assuming that this response is Debye-like, plots [the values o, () were evaluated by Eq2b) as-
one can writd11-13]

céyn(w)

ngn(w)

HF
A N _
= cgyn(@) — icgyn(w) = T ior
_ HFl-iwt) ot iCowt?
C (A+4iet)(l-iwt) 14+ w?t? 14 w22’
(2a)
/ fot
Cayn(®) = c},(a)) — Cst= 11 022 (2b)
fowt?
— et 2¢
1+ w?? (2¢)

where HF (=tg) is the heat flow rater the characteristic
time, andzg the rate constant of the relevant structural rear-
rangements.

The

experimental values Qi:jyn(a)) and ca’yn(a)) at all

three underlying heating rates were treated by &)
to derive the best-fit values afy and ¢ which were, fi-
nally, used to construct the corresponding Debye masterpPles.

suming that the static parts; corresponded to the base-
lines connecting the start- and the end-points of melting
endotherms irFig. 4]. As can be inferred from inspection
of Fig. 5, the frequency-dependent patterns of melting en-
dotherms in all studied samples can be semi-quantitatively
characterized by a simple Debye model; however, the ap-
preciable scatter of the data points suggests that the fitting
parametergo andt are, in fact, the average values for sev-
eral overlapping mechanisms of structural rearrangements
involved.

Similar by magnitude characteristic timegor both the
neat PP sample and the PNC (Table 2) imply basically sim-
ilar mechanisms of the relevant structural rearrangements,
while several-fold smaller values ogyn(a)) andcy, (), as
well as of the fitting parameterg from Eq. (2a) for the
PNC suggest considerably reduced spatial scale of such re-
arrangements. Regrettably, the limited range of the available
underlying heating rates makes impossible the quantitative
assessment af(q*) relationshipg11-13]for studied sam-
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Fig. 5. Debye master plots for the real (a—e) and imaginary (f—j) components of the complex specific heat capacities at 430K (squares), 433 K (circles), 436 K

(up triangles), 439 K (down triangles), 442 K (diamonds) and 445K (crosses) for PP-0 (a and f), PP-0.39 (b and g), PP-0.65 (c and h), PP-1.96 (d and i) and
PP-4.68 (e and j) prepared at the cooling rate 6fian.
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Table 2 (Continuedl

— |t
Table 2 T ag
Characteristic times (s) of structural rearrangements in the melting intervals 0.5/0.5 0.5/1.0 0.5/2.0 20/0.5 20/1.0 20/2.0
TK) g/ PP-1.96
430 - - 120 134 156 144
05/05 05/1.0 0520 2005 20/1.0 20/2.0 433 100 103 120 124 135 130
PP-0 436 108 110 117 121 125 123
430 115 - 78 79 89 145 439 111 112 117 118 123 122
433 117 - 85 89 98 136 442 114 115 117 118 122 120
436 117 120 103 100 102 126 445 114 115 - 117 129 120
439 117 118 108 110 106 122 PP-4.68
442 117 11 1 111 102 122 )
445 117 113 0? 111 86 120 430 o " 157 % . 81
433 93 96 148 98 81 87
PP-0.39 436 96 106 128 98 94 87
430 107 136 167 100 139 - 439 98 110 123 104 106 96
433 114 126 100 108 127 145 442 - 114 125 - 107 94
436 115 121 145 112 122 129 445 - 115 - - 110 -
439 116 119 167 145 199 128
442 116 117 167 145 199 124
445 116 117 - 145 199 122 4. Conclusions
PP-0.65
430 105 - 116 144 141 ~ 1. The lamellar morphology of PP remains essentially un-
433 113 106 109 1271 128 142 changed, whatever the previous cooling rate and/or the
436 114 111 105 122 123 128 '
439 115 113 104 119 119 127 organoclay content.
442 116 115 104 118 119 123 2. The patterns of melting endotherms in both the neat

445 116 115 - 118 118 122 PP sample and the PP-organosilica nanocomposites can
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be semi-quantitatively characterized by a simple Debye [8] W.G. Kampert, B.B. Sauer, Temperature modulated DSC studies of

model with a single, temperature- and underlying heating melting and recrystallization in poly(ethylene-2,6-naphthalene dicar-

rate-dependent characteristic time boxylate) (PEN) and blends with poly-(ethylene terephthalate), Poly-
. ' . mer 42 (2001) 8703-8714.

3. _'I'hg mechanisms of structural rearrangements in the meI'F— [9] Z. Qiu, M. Komura, T. Ikehara, T. Nishi, DSC and TMDSC study
ing intervals of the neat PP sample and the PNC are basi- o meiting behavior of poly(butylenes succinate) and poly(ethylene
cally similar; however, the spatial scale of such rearrange- succinate), Polymer 44 (2003) 7781-7785.
ments in the latter samples is significantly reduced due to [10] C.-L. Wei, M. Chen, F.-E. Yu, Temperature modulated DSC and

severe steric constraints on the PP chain mobility in the ~ DSC studies on the origin of double melting peaks in poly(ether
ether ketone), Polymer 44 (2003) 8185-8193.

melt state from the infinite cluster of nanopatrticles. [11] J.EK. Schawe, E. Bergmann, Investigation of polymer melting by
temperature modulated differential scanning calorimetry and its de-
scription using kinetic models, Thermochim. Acta 304-305 (1997)
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