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Abstract

Non-isothermal crystallization of the neat isotactic polypropylene homopolymer (PP-0) and of a series of nanocomposites (PNC)
containing up to 4.68vol.% of organosilica was studied in the standard DSC mode during constant-rate cooling from the melt
state.

Analysis of the nucleation parameters derived from cooling rate dependencies of the temperatures for the onset of crystallization exotherm
revealed a slight but systematic increase of the nucleation barrier for lamellar crystallization of PP in the PNC concomitant to stronger
restrictions to transport of PP segments across the melt/lamellar crystal interface. The overall crystallization rate data for the PNC were
consistent with the assumption of two separate contributions from the initial (unconstrained), and the subsequent (constrained) growtt
mechanisms, respectively.

The obtained results were considered as evidence for the coexistence in undercooled PP melts of the PNC of initial crystal nucleation an
growth sites characteristic for the neat PP-0, and the basically different sites (presumably, PP chains anchored by both ends to the surfaces
two adjacent nanoparticles).
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction cles of the standard pyrogenic silica (mean particle size
(dy~7nm), the surface of the latter being pregrafted by
Polymernanocomposite@PNC) reinforced by relatively  y-irradiation with styrene to minimize the eventual ag-
small amounts of ultrafineyano-dispersgarticles (mostly, glomeration effectd7-10]. In the light of these data, it
clay platelets 1 nm thick of an aspect ratio of several hun- seemed fair to concludgl1] that the significant improve-
dreds), proved exceptionally promising engineering materi- ment of, say, mechanical performance of thermoplastic,
als with outstanding mechanical performance, thermal andcrystallizable polymers could be expected not only for
barrier propertied1-3]. Comprehensive studies of “clas- the PNC containing well-exfoliated organoclay platelets
sical” PNC of polyamide 6/organoclay hybrids have re- of very high aspect ratio, but also for the PNC filled
vealed, however, striking similarities of their properties in with more common, isometric nanoparticles (on the con-
both melt and solid stategl-6] to those of PNC from  dition of preliminary surface treatment of the latter by
isotactic polypropylene melt-compounded with essentially organic substances to avoid significant agglomeration ef-
isometric (i.e., of an aspect ratio about unity) nanoparti- fects).
Stretching calorimetry studies of such PP/organosilica
* Corresponding author. Tel.: +380 44 559 40 95; fax: +380 44 552 40 64, PNC in the solid stat¢10,11]revealed the considerable ex-
E-mail addressprivalko@iptelecom.net.ua (V.P. Privalko). cess of Young’s moduli concomitant to the deficit of ther-
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mal expansivities, limiting strains for elastic behavior and decreased, the higher is the cooling rafe. The pat-
breaking strains compared to reasonable theoretical predicterns of the cooling rate dependencies Tof and Tmax
tions. These results, combined with the X-ray data, were for the PNC (see the representative plots for PP-1.96
explained by a model assuming that a non-negligible frac- in Fig. 1b) were essentially similar; however, the abso-
tion of PP chains in the melt state would be anchored by |ute values of bothTy and Tmax Were somewhat different

each end to the available adsorption-active sites of two dif- (Table 1).

ferent neighboring nanoparticles. The restricted chain mo-
bility in these sites should facilitate the crystal nucleation
in the undercooled PP melt; hence, the same PP chain
might be involved in two nucleation events at the surfaces
of two adjacent nanopatrticles. It was believed that subse-
quentcrystallization would result in the oriented, pre-stressed
state of tie chains in the interlamellar space of the matrix
PP.

Thus, it is the purpose of the present communication to
check for a possible influence of such an effect on the crystal
nucleation and growth phenomena of these PNC during their
continuous cooling from the melt state.

2. Experimental

The neat isotactic polypropylene homopolymer and the
nanocomposites containing up to 4.68 vol.% of the standard
pyrogenic Aerosil 1380 (Deguss@) ~ 7 nm) pregrafted by
v-irradiation with styrene (samples PP-0,, PP-4.68, re-
spectively) were the same as those used in our previous stud-
ies[8-11]. As mentioned elsewhef#0], the mean gap be-
tween nanoparticles within an infinite cluster of the PP-4.68
nanocomposite ((L) A [(¢maxe)® — 1] ~ 8 nm, whereap
is the actual filler volume content anrghax the maximum
packing fraction of filler particles) was comparable to the
estimated dimensions of PP macromolecular coils in the
melt state (that is, about an order of magnitude smaller than
the chain contour length corresponding to its full exten-
sion).

Enthalpy relaxation in the cooling runs was monitored
with the temperature-modulated DSC instrument (Perkin
Elmer DSC-2 upgraded and supplied with signal process-
ing software by the IFA GmbH, Ulm). Each sample was
initially “overheated” by~50K above the apparent melt-
ing temperature of PP (T~ 440K), stored for 3min and
cooled in the standard DSC mode+t860 K at one of the six
available constant cooling ratgs (from 20 K/min down to
0.5 K/min).

3. Results and discussion
3.1. Crystal nucleation
The crystallization exotherms for the PP-0 (Fig. la)

were the smooth unimodal curves, starting at the temper-
atures for the onset (i.e., nucleation) of crystallizatin

and passing through the temperatures of maximum crys-rig. 1. crystallization exotherms for PP-0 (a) and PP-1.96 (b): the numbers
at the DSC traces refer to the corresponding cooling rates (in K/min).

tallization rate atTmax, as expected, botAyN and Tmax
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Table 1

Temperatures (in K) of the onset and of the maximum on crystallization
exotherms

Sample TN Tmax

g~ =0.5K/min
PP-0 409.9 401.7
PP-0.39 409.4 402
PP-0.65 409.1 401.9
PP-1.96 409.0 403.6
PP-4.68 408.4 400.8

g~ =1K/min
PP-0 406.8 398.6
PP-0.39 407.1 399.3
PP-0.65 406.9 399.4
PP-1.96 408.8 400.3
PP-4.68 404.0 397.3

g~ =2K/min
PP-0 403.8 395.7
PP-0.39 404.5 396.6
PP-0.65 405.2 397.0
PP-1.96 405.1 397.6
PP-4.68 402.6 395.7

g~ =5K/min
PP-0 399.3 391.4
PP-0.39 400.2 392.8
PP-0.65 400.4 393.4; 389.9
PP-1.96 401.8 393.7;390.0
PP-4.68 399,1 394.1; 389.3

g~ =10K/min
PP-0 395.2 387.4
PP-0.39 396.2 389.2; 386.0
PP-0.65 397.2 390.0; 385.4
PP-1.96 397.6 390.2; 385.5
PP-4.68 396.3 390.1; 384.9

g~ =20K/min
PP-0 3915 382.4
PP-0.39 393.0 384.1;382.4
PP-0.65 393.0 385.4;380.4
PP-1.96 394.4 384.7;380.1
PP-4.68 392.1 384.5;376.5

As shown elsewherg 2,13], the cooling rate dependen-
cies of Ty should obey the following equation:

g [(m + )Ty — TNTH"

T,\ZI(AT)m+1
_ Km am(Tﬁ)m
=1n (am) - W, (1)

whereT? is the equilibrium melting temperature and;,

the corresponding melting enthalpy of a hypothetical, “in-
finitely large” polymer crystalAT = T\ — Ty the appar-
ent degree of undercoolingm = Zm/k(AHy)" the nor-
malized nucleation paramet@n;a dimensionless integer de-
pendent on the mode of nucleation (i.en=1, 2 or 4 for
the cases of surface, or two-dimensional nucleation; bulk,
or three-dimensional nucleation; nucleation in a strained
matrix, respectively);Zn the relevant nucleation barrier;
Km ~ exp(—AE/kT) the normalized molecular transport
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Fig. 2. Fits of the experimental valuesTy§ at different cooling rates to Eq.
(1) assumingn=1 (a) andn=2 (b).

barrier (usually assumed temperature-invariant in the vicin-
ity of T,‘T)]); AE the corresponding activation enthalfgythe
Boltzmann constant.
As can be seen frorkig. 2, for all studied samples the
quality of the data fits was equally excellent (correlation co-
efficientsR> 0.99) for either of the two first nucleation modes
(assumed most probable); apparently, the available data are
insufficient to distinguish between the two possible nucle-
ation modes. The best-fit values af, and K, are shown
in Table 2(in calculations, T2 =461 K [14] was assumed).
Somewhat higher values af, for either of nucleation modes
in the PNC suggest a slight (but systematic) increase of the

Table 2

Nucleation parameters for non-isothermal crystallization

Sample a1 (K) K1 (K) 10%a, (K) Kz (K)
PP-0 0.175 0.011 3.61 2.13
PP-0.39 0.189 0.0047 3.93 1.47
PP-0.65 0.195 0.0038 4.00 1.37
PP-1.96 0.198 0.0031 4.03 1.28
PP-4.68 0.205 0.0014 4.14 0.80
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nucleation barrier for lamellar crystallization of PP within a ues would correspond to bundle-like nud#é6]). Anyway,
confined space between neighboring nanoparticles of infinitejudging by the corresponding? values (see the representa-
clusters, while the lower values &, (hence, higher appar-  tive results forg~ =20 K/min in Table 3), the quality of the
ent values oAE), probably, are associated with concomitant data fits was not appreciably affected when the best-fit, non-
stronger restrictions to transport of PP segments across thanteger values oh were changed for a single, integer value
melt/lamellar crystal interface. of n=5.

These results can be considered as evidence for the coexis- In contrast to PP-0, the crystallization exotherms for the
tence in undercooled PP melts of the PNC of the initial nucle- PNC (see the representative plots for the sample PP-1.96
ation sites characteristic for the neat PP-0, and the basicallyin Fig. 1b) turned out not only considerably broader but
different nucleation sites (presumably, PP chains anchoredalso bimodal (especially at high cooling rates), although
by both ends to the surfaces of two adjacent nanoparticlesthe areas under the exotherms corrected for PP content (i.e.,
[10,11]). the neat heats of PP crystallization) remained essentially
composition-invariant. Moreover, the valuesrmodecreased,
their scatter increased and the overall quality of the data
fits to Eq.(2) became worse (i.e., the? parameters sharply

The smooth, unimodal crystallization exotherms for Increased), the higher is thgg” (cf. Fig. 4 and Table 3).

PP-0 (Fig. 1a) were analyzed in terms of the standard These results were considered as a further proof of the
Kolmogorov—Avrami-type equatiofi2,13,15,16]: assumed coexistence of two basically different nucleation

sites in undercooled PP melts of the nanocomposites (see
a(0) = 1 — exp[—K,q"], 2) above). Therefore, the experimental data for the latter were
treated assuming that the overall transformation degree is
where«(6) is the volume fraction of the melt transformed
into crystal at a reduced timg(in K), K, the effective rate

3.2. Overall crystallization kinetics

constant (in K), andn the dimensionless shape parameter. 1.0
As can be seen from the representative plot for the cool-
ing rateq™ =20 K/min (Fig. 3a), the experimental values of 08 L

a(f) = AH(0)/AHg, [where AH(9) is the transient value
of crystallization heat and\ Hy, =165.2 J/g[14] the melt-
ing enthalpy of a completely crystalline isotactic PP], could s
be quantitatively fitted to E(2) with the fitting parameters 8 [
Kn=4.0x 10~% andn=4.61 only in the range of “primary” 0,4
crystallization [«( < 0.5], whereas it is the later stages of
crystallization which are the issue of our major interest.

In principle, there are several treatments available permit-
ting a quantitative fit of transformation degree over the entire
time range of the proce$$7-19]; however, all these treat- 0,0
ments are rather involved. For this reason, a much simpler
(albeit more artificial) approach will be used in the present
paper. As can be seen frdrig. 3b, the experimental data of 10 F
Fig. 3a replotted assumindd) = AH(6)/ AH¢ (whereAH is
the total heat of crystallization) are quantitatively fitted to Eq.
(2) over the entire range of reduced tifat not-too-much
differentvalues of the fitting parameters,&1.0x 10~°and
n=5.29). Similar results were obtained at all other cooling 0.6 -
rates; the excellent quality of the data fits can be assessed ®
from the extremely low values of the statistiodlparameter 04 L
(Table 3).

Most of the best-fitting, non-integer values of the shape
parameten fluctuated within a relatively narrow interval be-
tween 4 and 5, as formally consistent with the assumption of
identical mechanisms of crystal nucleation and growth over 0.0
the entire range ofi—. A possible correlation between the ©)
derived values ofi and the actual shapes of growing crystal-
lization nuclei was considered of little relevance to the aims of Fig. 3. Fits of the experimental exotherms for PP-§at 20 K/min to Eq.
this paper and, therefore, not explored in detail (theoretically, (2) assumingx(6) = AH(6)/A Hg, (a) anda(8) = AH(B)/AH (b) for the
n=4 in the case of thermally nucleated spheres; higher val- best-fit, non-integer values af(solid lines) anch=5 (dashed line).
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Table 3
Fitting parameters of Eq$2), (2a) and (2b)
q Eda.(2) Eq.(2a) Eqg.(2b)
(Kmin—1)
n 10°K,, 10°42 f 10°k, " 10° 1052 f 10° o 1K (KT) 67 (K)  10°%2
(K™ (K™) Ky (K™ K, (K™5)
PP-0
0.5 4.56,5.00 0.84,0.28 19,32
1 491 3 17
2 4.66 6 12
5 3.97 30 5
10 3.90 17 5
20 5.29,5.00 1,3 10,18
PP-0.39
0.5 5.50 0.70 6 056 2  6.40 0.1 5 072 3 3.50 24 49 5
1 5.10 2.00 25 084 2 320 62 25 098 2 2.00 12000 1.8 23
2 3.10 290 41 047 13 242 750 0.79 041 10 2.00 410 1.6 4
5 2.47 900 23 042 18 206 1700 31 013 23 1.10 3700 1.9 2
10 2.56 480 8 039 4 197 1600 37 015 1 2.20 7000 16 3
20 2.83 140 8 034 1 232 430 2 029 062 3.31 8000 1.4 4
PP-0.65
0.5 5.20 2.00 9 074 3 580 0.46 1 055 3 2.17 86 3.9 16
1 5.00 2.00 15 030 12 410 16 13 095 2 1.76 8 39 16
2 4.10 14 68 079 3 410 4 6 072 3 4.00 1000 2.2 8
5 3.10 180 70 047 10 320 100 056 02 9 3.10 410 1.6 10
10 2.50 390 66 03 8 271 170 1 032 8 0.90 500 2.4 0.8
20 2.41 360 36 026 6 260 170 1 01 6 2.50 2500 1.8 2
PP-1.96
0.5 3.70 70 11 060 5 230 {0 2 074 5 1.00 3000 1 7
1 5.00 0.50 1 068 08 6.40 0.5 5 046 1 2.80 22 42 10
2 4.40 5 23 074 2 470 1 6 051 3 5.70 3000 2.2 2
5 3.70 20 47 060 3 450 1 2 04 4 5.50 2000 21 0.7
10 3.10 67 40 040 3 380 8 03 018 02 4.10 6000 1.7 4
20 2.57 200 16 017 6 280 100 05 019 02 3.30 6000 15
PP-4.68
05 3.92 34 3 —0.09 46 355 8 07 036 07 2.12 2895 2.0 6
1 4.49 5 3 081 3 288 208 08 087 03 1.62 5597 2.0 2
2 2.76 419 2 0.06 69 290 297 06 029 3 1.57 8968 2.0 2
5 2.19 997 12 036 0.6 239 1292 04 025 07 1.62 5822 1.2 1
10 3.01 102 41 035 5 350 21 03 060 4 1.94 5162 8.0 0.2
20 2.73 72 81  -045 05 296 47 22 055 01 1.87 1600 1.0 7
made up of two contributions, each obeying E).with its appearance of a second peak at highas seen irFig. 1b)
own effective rate constant and shape parameter, as suggest that the onset and subsequent development of
v crystallinity by the second growth mechanism somewhat
a(0) = fI1 —exp(=K,0")] lags behind. To account for this retardation effect, &)
+(1- AL- exp(—K:,’G””)]. (2a) was modified further by introducing a correction teftras
71
In Eq.(2a),f and (1—f) are the contributions of the first and a(6) = fI1 — exp(-K,6")]
second mechanlsms (character'lzed .by smgle—prlmed and F(A— {L—exp[—K/(6— )" (2b)
double-primed symbols, respectively); the best-fit values of
the relevant parameters are showiiable 3(in calculations, As can be seen from the representative plots for the PNC at

n' =5 was assumed for all cooling rates). As could be g~ =20K/min (Fig. 4) and fronifable 3, the experimental
expected, the overall quality of the data fits to E2p) was data at all cooling rates excellently fit H@b) for physically
considerably improved (cfrig. 4 and Table 3), although  reasonable values of all fitting parameters [in view of the
in some cases physically unreasonable resfik) were extremely small values of2 parameters for both Eq2a)
obtained. Apparently, the origin of this latter discrepancy and (2b), the corresponding fitting curvesHiy. 4, in most

is the implicit assumption in Eq2a) of the simultaneous  cases, overlap]. However, as typical for multi-parameter
onset of both nucleation events, whereas the patterns ofregression analysis, nearly equally excellent fits to (2h)
crystallization exotherms for the PNC (in particular, the could be achieved at several widely different values of
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Fig. 4. Fits of the experimental exothermsgat=20 K/min to Eq.(2) (solid lines), Eq(2a) (dashed lines) and E2b) (dash-dotted lines) for PP-0.39 (a),

PP-0.65 (b), PP-1.96 (c) and PP-4.68 (d).

“weak” fitting parameters (in this cas&,, K, and¢”),
whereas the values of a “strong” fitting parametef)(n

remained approximately the same. Anyway, systematically

low values ofn” for the PNC decreasing ta”~2 for
the sample PP-4.68 imply significant steric constraints for
growth of PP lamellae in a confined space within an infinite

cluster of organoclay nanoparticles by the second transfor-

mation mechanism (comparedric=5 for an unconstrained

growth assumed for the first mechanism). Regrettably, no

systematic dependence of the fitting parameters of Hu).

on the organosilica content and/or the cooling rate could be

detected; probably, storage during@ min at~490 K before
cooling was insufficient to completely erase the structural
memory of PP melts in the PNC on previous thermal history.

4. Conclusions

tion of PP in the PNC concomitant to stronger restrictions
to transport of PP segments across the melt/lamellar crys-
tal interface.

. The overall crystallization rate data for the PNC were con-

sistent with the assumption of two separate contributions
from the initial (unconstrained), and the subsequent (con-
strained) growth mechanisms, respectively.

. The obtained results were considered as evidence for the

coexistence in undercooled PP melts of the PNC of initial

crystal nucleation and growth sites characteristic for the

neat PP-0, and the basically different sites (presumably,
PP chains anchored by both ends to the surfaces of two
adjacent nanopatrticles).
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