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Specimens of a pure polyamide 6 (PA6) homopolymer and
a number of commercial polymer nanocomposites (PNCs)
containing up to 7.5 wt.% of exfoliated organoclay nanoparticles
fabricated by crystallizing them under non-isothermal conditions
have been studied at room temperature by the wide- and
small-angle X-ray scattering (WAXS and SAXS) methods. The
melting behavior of the specimens has also been studied making
use of temperature-modulated differential scanning calorimetry
(TMDSC) at three underlying heating rates and five modulation
frequencies. The a- and y-modifications of PA6 crystals were found
to be independently formed from the melt during its cooling, with
their content ratio (/) tending to grow as the organoclay content
or the cooling rate becomes higher. Organoclay platelets strongly
scattered in the PNC were demonstrated to become spatially
ordered into two different fractal-like structures (mass fractals)
with the characteristic structural scales of 5-14 and 14-100 nm.
The melting endotherm profiles for pure PA6 and a PNC were
found to be described by a simple Debye’s model with a single
corresponding characteristic time dependent on the temperature
and the underlying cooling rate. The mechanisms of structural
rearrangements in the melting intervals of pure PA6 and a PNC
turned out practically identical. However, the spatial scale of such
rearrangements in the PNC proved to be significantly smaller,
owing to the presence of considerable steric constraints imposed
by the infinite cluster of nanoparticles onto the mobility of PA6
chains in the melt.

1. Introduction

The solid state of polymers crystallizing at a temperature
below the “equilibrium” melting one, T, is unique in
the sense that a significant portion of material, namely,
1 — X, where X is the crystallinity degree, remains in
a disordered non-crystalline state; in general, the latter
is characterized by missed loops on the end surface of

the crystal with folded chains (lamellae), as well as by
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the presence of chain ends and “entangled” chains in the
interlamellar space [1-3]. Such explicit violation of the
Gibbs phase rule for a thermodynamically equilibrium
system is a confirmation of the fact that the lamellar
morphology for such “partially crystalline” polymers is
not in nonequilibrium, being metastable.

The implementation of the TMDSC technique in the
early 1960s made it standard for the express analysis
of a metastable state of partially crystalline polymers,
because it allows a reduction of the corresponding
melting temperature T,, with respect to T2 and a
corresponding reduction AH of the melting heat
with respect to the melting enthalpy of a perfect
crystal AHY to be measured. Moreover, the qualitative
information concerning the internal morphology of a
partially crystalline polymer can be obtained from the
shape of melting endotherms at the heating of polymers
in the DSC regime [4] at a rate higher than that
of characteristic structural transformations, i.e., under
condition of “zero-entropy production” [5]. However,
the expected behavior of melting endotherms can be
distorted by the contributions of other endo- and
exothermal effects, such as “cold crystallization”, local
melting and recrystallization, overheating, and so on
[6,7]. Nevertheless, such effects can be adequately taken
into account by either making use of the TMDSC
regime, which separates the reversible and irreversible
contributions to the specific heat [8-10], or analyzing
the frequency and underlying heating rate dependences
of the heat capacity [11-14].

Our previous studies of the series of isotactic
polypropylene (PP) and PP/aerosil nanocomposites
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carried out in the framework of the TMDSC method
[15] demonstrated that a simple Debye’s model [11-
14] is valid, at a semiquantitative level, for melting
endotherms of both pure PP and nanocomposites. In
this work, the same approximation was used to describe
the melting behavior of another series of PNCs, namely,
PAG6/organoclay.

2. Experimental Part

Pure PA6 (marked by a supplier as 200A) and three
nanocomposites (299F, 299E, and 299D) were fabricated
by mixing the melt of 200A with 2.5, 5.0, and 7.5%,
respectively, of hybrid organoclay in an extruder.
Organoclay (montmorillonite) was used as a filler; it
is a typical representative of layered silicates with a
stack-type structure and a very large length-to-thickness
ratio: the thickness of a separate plate is 1 nm, while its
length is from 100 to 1000 nm; the specific surface is
about 760 m?/g. Montmorillonite used for fabricating
nanocomposites was modified with organic ions with
hydrophobic tails.

Solid specimens fabricated under the same conditions
of non-isothermal crystallization from a melt had been
studied earlier [17,18] at room temperature by the
WAXS and SAXS methods. Analogous specimens had
been studied making use of the standard DSC method
at their heating in the temperature interval 220-500 K
and at a rate of 10 K/min.

Enthalpy relaxation in the course of heating
was studied on a Perkin Elmer DSC-2 calorimeter,
modernized and supplied with a software for signal
processing (IFA Gmb, Ulm) in the temperature-
modulated (TM) regime. Every specimen was
preliminarily “overheated” to a temperature of
approximately 50 K above the equilibrium melting
temperature of PA6 (T,, ~ 490 K), held at this
temperature for 3 min, cooled in the DSC regime
at either of two constant cooling rates ¢g— = 20 or
0.5 K/min to 400 K, held at this temperature for 2
min once more, and heated up again immediately in
the TMDSC regime at one of three main heating rates
gt = 0.5, 1, or 2 K/min; the amplitude of modulation
was 0.1 K; and the modulation frequencies f = 10, 17,
33, 50, and 100 mHz. Calibration measurements for the
determination of the specific heat c, and its reversible
part, i.e. the complex specific heat ¢, were carried on
according to the requirements described in works [19,20]
and using sapphire and quartz as standards.
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3. Results and Their Discussion

3.1. Structural initial

specimens

characteristic  of

Rather intensive reflections at scattering angles 20 =
20.0 and 23.8° were the main characteristic feature
of the WAXS diagrams for a 200 A specimen cooled
from the melt at the rate ¢- = 0.5 K/min (Fig. 1,a).
Similar reflections were observed in the WAXS diagrams
for an analogous specimen cooled from the melt at
the rate ¢- = 20 K/min (Fig. 1,b), although their
intensity became considerably reduced. This evidences
for the availability of the monoclinic (a) crystal phase
with hydrogen bonds between antiparallel chains [21-23|
in pure, partially crystalline PA6. The crystallinity
degree Xwaxs calculated from WAXS data following
the standard procedure [20] appeared to be less than
30% for both specimens, with the average error of 4%
(see Table 1).

Two main reflections, which are typical of a-
modifications of crystals, can be observed on PNC
WAXS diagrams as either auxiliary peaks (Fig. 1,a)
or shoulders (Fig. 1,b) in the vicinity of the main
diffraction maximum at 20 =~ 21.4°. This maximum,
together with an auxiliary reflection at 260 ~ 10.5°,
evidences for a pseudohexagonal (or monoclinic) crystal
lattice with hydrogen bonds between parallel chains
(a ~y-modification) [21-23]. Hence, the a- and ~-
modifications of the PA 6 crystal are formed from the
melt independently during its cooling; the ratio between
the contents of a- and ~-modifications reveals a tendency
to a reduction with increase in either the organoclay
content or the cooling rate, although the Xyyaxg-values
for the polymeric matrices were almost identical to all
the specimens of this series (Table 1).

In the vicinity of the scattering vector ¢ =
(4m/X)sinf =~ 0.37 nm~!, which corresponds to the
Bragg periodicity D = 27/q &~ 17.0 nm, the SAXS
diagrams for a 200 A specimen crystallized from the melt

T a ble 1. Melting heats and crystallinity degrees

Specimen ‘ XwaAxs ‘ Xpsc ‘ AHy, J/g

g~ =0,5 K/min

200A 0.26 0.25 57.5

299F 0.33 0.31 71.3

299E 0.35 0.33 75.9

299D 0.29 0.28 64.4
¢~ =20 K/min

200A 0.21 0.20 46.0

299F 0.26 0.24 55.2

299E 0.29 0.27 62.1

299D 0.23 0.21 48.3
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Fig. 1. WAXS diagrams for specimens 200A, 299F, 299E, and 299D (from top to bottom) crystallized by cooling from the melt at the
rate ¢~ = 0.5 (a) and 20 K/min (b)
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Fig. 2. SAXS diagrams in linear (a) and log-log coordinates (b)
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Fig. 3. Thermograms of heating in the standard DSC regime for specimens 200A (a), 299F (b), 299E (c¢), and 299D (d) crystallized by
cooling from the melt at the rate ¢~ = 0.5 (solid) and 20 K/min (dashed curves)

at the rate ¢- = 0.5 K/min (Fig. 2,a) are typical of a
disordered, partially crystalline polymer with crystallite
inclusions, folded-chain lamellae being separated by
non-crystalline spaces [21]. Those reflections cannot be
observed in standard SAXS curves for PNCs, because
the SAXS intensity increases very strongly with increase
in the organoclay content if the scattering vector falls
within this range (Fig. 2,a). However, if those data are
plotted on the log—log scale (Fig. 2,b), the presence of at
least two linear sections with different slopes at ¢’s larger
and smaller than ¢* testifies that organoclay particles are
spatially arranged into the fractal-like structures of two
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types [17,25]. This means that, if the scattering vector
amplitude lies between the so-called “Guinier regime”
(small g-values) and the “Bragg regime” (large g-values),
the dependence of the SAXS intensity I(q) corresponds
to the scaling relation

I(q) ~q° (1)

where the power exponent « characterizes the type
of scattering object [25]. Proceeding from rather small
values of the parameter « in the vicinity of the
overlapping point ¢* = 0.45 = 0.50 nm~! (Fig. 2,b), one
can distinguish the regimes of scattering by the mass
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Fig. 4. Complex specific heat for specimens 200A (a and b) and 299D (¢ and d) crystallized by cooling from the melt at the rate
¢~ = 0.5 (a and c) and 20 K/min (b and d) and heated at the rate ¢t = 20 K/min

fractal in the structural dimension ranges of 14-100 (at
q < ¢*) and 5-14 nm (at ¢ > ¢*).

Each specific heat reveals a corresponding jump
Ac, at the vitrification temperature T, ~ 308 K of
a continuous amorphous PA6 matrix and substantial
endothermal melting effects (AH})), with a maximum
at T, ~ 492 K, for the crystalline PA6 nanophase;
the latter are appreciable in thermograms for 200 A
specimens crystallized from the melt at two different
rates (Fig. 3,a). The thermograms of PNC heating
(Figs. 3,b—d) are similar in general, but the magnitude of
the jump Ac, diminishes with increase in the organoclay
content. The value of AH}, — and, accordingly, the
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crystallinity degree calculated using the DSC data,
Xpsc = AH} /AH,,, where AH,, = 230 J/g is
the melting enthalpy for a perfect crystal with a-
modifications [21] — becomes a little smaller with increase
in the preliminary cooling rate ¢~ (Table 1).

3.2. Melting kinetics

The plots of the temperature dependence of the complex
specific heat ¢ (Fig. 4) demonstrate that the melting
endotherms of specimens cooled at the rate ¢= =
20 K/min > ¢+ (hereafter referred to as series 2) were
unimodal, having a single maximum at the
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Fig. 5. Real (a and ¢) and imaginary (b and d) components of the complex specific heat for specimens 200A (a and b) and 299F (¢ and
d) crystallized by cooling from the melt at the rate ¢~ = 0.5 K/min and heated at the rate ¢t = 0.5 K/min

corresponding melting temperature 7,,. At the same
time, in analogous plots for specimens fabricated by
cooling at the rate ¢~ = 0.5 K/min < g™ (series 1), one
can observe not only the main melting peak at T,,, but
an auxiliary maximum at 7)), < T,,. It is most probable
that the discrepancies between melting endotherms
reflect the dependence of the relative content of a- and
~v-modifications in pure PA6 and PNC crystals on the
heating rate (see work [16] and the discussion above).
The reversible specific heats cj, considered beyond
the melting temperature range, are predictably
independent of the modulation frequency, although the
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value of ¢j and the areas under peaks decrease here
with increase in the modulation frequency (Fig. 4).
The same behavior was observed for the real (c},)
and imaginary (c,) components of the complex
specific heat c;, = ¢, — ic, (Fig. 5). These results
testify that the characteristic times 7 of structural
transformations and the modulation periods, i.e. the
inverse frequencies, were comparable. Considerably
smaller values of ¢, for PNC can be attributed to
some steric constraints imposed on the chain mobility
of PAG in the melt state by the infinite cluster of

nanoparticles [15].
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Fig. 6. Debye’s diagrams for real (a and c¢) and imaginary (b and d) components of the complex specific heat at a temperature of 475
(squares), 478 (circle), 481 (deltas), 484 (nablas), 487 (diamonds), and 490 K (crosses) for specimens 200A (a and b) and 299D (c and

d) crystallized by cooling from the melt at the rate ¢— = 0.5 K/min

The corresponding values of the dynamic parts of
the real and imaginary components of c; (cj,(w) and
cgyn (w), respectively) are expressed as follows:

() = st + Clygn (@), (22)

/!

cp(w) = cayn(w), (2b)

which describe the response to the cyclic modulation
frequency w in the melting interval. Following Debye
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[11-14], we write down this response in the form
czklyn(w) - Céyn(w) - Z'ngn(W) =

HF/(14iwt) = HF(1 —iwt)/(1 4+ iwT)(1 —iwT) =
Cot/(1 + w?T?) + iCowr? /(1 + w?r?),

= ¢, (w) — et = Go7/(1 + w?T?),

Ciiyn (w)
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Cagn(w) = Cowt?/(1 4 w?T?), (3¢)
where HF = 7(p is the thermal flow rate, 7 the
characteristic time, and (y the structural transformation
rate.

The experimental values of ¢}y, (w) and cj ()
at three main heating rates were calculated by
Egs. (3b) and (3c¢), and the obtained approximation
values of () and 7 were used for plotting the Debye
dependences (the ¢, (w)-values were obtained from
Eq. (3b) assuming that the constant component cg
is described by a straight base line connecting the
start and end points of the melting endotherm in
Fig. 5). The frequency-dependent diagrams of melting
endotherms (Fig. 6) for all studied specimens can be
described semiquanitatively by a simple Debye’s model.
Considerable deviations of points can testify that the
approximation parameters (y and 7 are averaged over
no less than two overlapping mechanisms of structural
transformations, i.e. melting of a- and ~-modifications
of crystals.

T a ble 2. Characteristic times (in seconds) of structural
transformations in various specimens in their melting
intervals

T, K q /gt
0.5/0.5 [ 0.5/1.0 | 0.5/2.0 | 20/0.5 | 20/1.0 | 20/2.0
200A
475 (126)  (126) (86) L . .
478 73 73 55 67 46 48
481 94 94 87 59 56 64
484 108 108 105 94 93 89
488 113 113 110 108 108 106
491 113 113 111 111 111 110
299F
475 (114) (97) (116) . N N
478 69 65 70 67 39 58
481 84 95 91 59 58 56
484 103 108 107 94 94 85
488 111 112 111 108 108 105
491 111 113 112 111 111 109
299E
475 (70) (77) (76) ...
478 50 56 64 52 35 86
481 73 80 90 36 50 58
484 94 100 103 72 74 7
488 106 109 111 99 99 101
491 106 110 111 105 106 107
299D
475 (56) (64) (01) ...
478 40 53 52 94 44 70
481 58 59 63 51 42 44
484 89 90 93 68 67 68
488 104 105 106 97 96 97
491 105 106 107 104 103 103
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Identical values of the characteristic time for
pure PA6 and PNC (Table 2) evidence for identical
mechanisms of basic structural transformations in those
two polymers, while the ¢, (w)- and cjj , (w)-values for
PNC (Fig. 6), which are several times smaller, as well
as the parameter (o from Egs. (3b) and (3c), testify
to a significant reduction of the spatial scale of such
transformations in the latter.

4. Conclusions

1. Both modifications (« and ) of PA6 crystals are
independently crystallized from the melt during its
cooling, and the ratio between their contents (a/7)
decreases as the organoclay content or the cooling rate
increases.

2. Organoclay particles, which are strongly dispersed
in PNC, form two different fractal-like (similar to a mass
fractal) spatial structures in the ranges of characteristic
dimensions of 14-100 and 5-14 nm.

3. The behavior of melting endotherms of pure PA6
and PNC can be characterized at a semiquantitative
level by a simple Debye’s model with a single
characteristic time which depends on the temperature
and the cooling rate.

4. The mechanisms of structural transformations
in pure PA6 and PNC are, in general, identical in
their melting interval; however, the spatial scale of
transformations in PNC is considerably reduced owing
to steric constraints on the mobility of PA6 chains in the
melt imposed by the infinite cluster of nanoparticles.
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BILJIUB MOP®OJIOTTi HA KIHETUKY IIJTABJIEHHSI
HAHOKOMITIO3UTIB

P.B. inotcoc, M.A. Pexmema, E.I. IIpusanxo
PeszmowMme

Heizorepmiuno 3akpucTasizoBani 3pa3ku YUCTOrO T'OMOIIOIIMEDPY
nosmiaminy 6 (ITA6) Ta cepil komepriiinnx nanokommnosuris (ITHK),
AKi MicTaThb 10 7,5 Mac.% excdosifioBaHMX HAHOYACTUHOK OPTraHo-
ruHu, GyJIM AOCTiAPKeHI pu KIMHATHIM TeMIeparypi MeTOZaMu
IIMPOKOKYTOBOI'O Ta MaJIOKyTOBOIO PEHTIEHIBCHKOrO Po3cisHust. Ix
IJIaBJIEHHS OYJIO JTOCTIIZKEHO TeMItepaTypHo-MoaytboBaHow JJCK
(TM JCK) npu TpboX OCHOBHHUX NIBHIKOCTSIX HATPIBAHHSA Ta I’ ATH
qacrorax moxysanil. Ilokazamo, mo a- Ta ~y-momudikaril Kpu-
CTaJliB yTBOPIOIOTHCS HE3AJIEXKHO ITiJ] YaC OXOJIOKEHHSI 3 PO3ILIa-
BY, BifHOLIEHHS BMicTy a-moaudikanil g0 Bmicty ~y-momudikaril
MAa€ TEHJEHIIIIO JI0 3POCTaHHs i3 30L/IbIIIEHHSAM BMICTY OPTaHOIJIMHIA
abo MIBUIKOCTI OXOJIOKeHHsI. Po3rajykKeHa CTPYKTypa IJIACKHX
gactuHoK opranorinan B [IHK BnopsinkoBana B aBi pi3Hi dppakTa-
stonoibui (MacoBi dpakTanM) CTPYKTYypH y JialasoHi CTPYKTYp-
aux mkaj 100-14 ta 5-14 um. I'padiku emgorepM mIaBiIeHHS A1
qucroro ITA6 ta ITHK MoxXyTh 6yTH oxapakKTepu30BaHi MPOCTOIO
mogesutio [ebast i3 ogHUM XapaKTePUCTUYHUM 9acoM, SIKUM 3aJjie-
2KUTh BiJI TeMIIepaTypH Ta MIBUJIKOCTI OXOJIOMKeHHs. MexaHizMu
CTPYKTYPHUX Nepeby 0B B iHTepBaJIi IUIaBIeHHS 11 yuctoro [TA6
Ta [THK € 3aramoMm omgHakoBi; ofHaK IIPOCTOPOBA IIKAJIa IUX IIe-
pebynoB miasa ITHK € 3Ha4HO MEHINNOIO, OCKIIbKHU iCHYIOTH 3HA4YHI
CTepu4Hi IepemKkoan s pyxauBocTi saHigoris ITA6 B posmiasi
3 BOKY HECKIHYEeHHOT'O KJlacTepa HAHOYACTHHOK.
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