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Abstract

A poly-e-caprolactam (PA6) taken as a reference and its nanocomposite (PNC) containing 1.6 wt.% of montmorillonite were examined.
The specimens as discs were prepared by compression moulding’& 288 70 MPa. Using the novel version of TMA, in the PA6 and PNC
specimens, within the temperature range frefi®0 to 250 C, a semi-crystalline structure with anisotropy of distribution of the more ordered
(crystalline?) portion was found in the surface layer up to 0.5 mm thick. The amorphous regions have differed in a state of order (different
transition temperatures) and related compactness. The free volume fraction in amorphous regions determined in machine direction (normal
to the surface) is increased when in transverse direction is reduced; simultaneously molecular weights of polymer chains between junctions
were increased by incorporation of the nanofiller.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction particle—matrix interactions, the major goal for the technol-
ogy of PNC manufacturing is to ascertain feXfoliation of
Polymer nanocomposites (PNC) are materials with the clay in the polymer matrixExfoliation usually proceeds in
substantially enhanced product performande-3]. By two stepsintercalation that exchanges the mobile Ndor
definition, PNC is a material that comprises a disper- organic cations that ionically bond to the sandwich surface
sion of nanometre-size particles in a polymer matrix. and expands the gallery, and the firsfoliation that dis-
The nano-particles may be lamellar, fibrillar, shell-like, perses and randomizes the individual platelets in a matrix
spherical, etc. However, the great majority of PNCs are with the distance between them in excess of 8.8[din
based on clays. The most popular nano-clay is montmo- Mentioned above intercalation is the ability of the poly-
rillonite (MMT) made of three-layer sandwiches (tetrahe- mer chains to enter the gallery spacings as exfoliation is
dral/octahedral, etc.), each 0.96 nm thick, separated by aachieved when the layer structure is delaminated and the
weakly bonded gallery filled with water molecules and mo- platelets are uniformly dispersed in the polymer matrix.
bile cations, such as NaThe clay has the cation exchange Atloading levels of 2—-5 wt.%, PNC offers a similar perfor-
capacity CEC= 0.85-1.4 meq/g, aspect ratpp= 10-1000 mance to that of conventional composites with 30-50 wt.%
and the specific surface arga= 800nt/g. Since PNC of reinforcing filler. For example, PNC of PA6 containing
performance depends on the aspect ratio (p: platelet diam-4.2wt.% MMT shows the following improvements of the
eter/thickness) of filler, the specific surface area and the matrix performance at room temperature: tensile modulus
by 73%, tensile strength by 41%, and heat distortion tem-
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absent in PNCs if a predominately exfoliated structure is crystalline form froma to y [15,16]. The elastic modulus,
obtained. Cost differential between the neat matrix and its yield stress, and strain at break are sensitive to the filler
PNC is about 10-20%. PNCs main market is in the trans- content and orientatiofiL6,17]. In consequence, one may
port industries, with growing demand for packaging, ma- expect that the TMA will be able to characterize the orien-
chine manufacturing, building and construction, electrical tation, since orientation influences the topological structures
and electronic, lawn and garden, power tools, etc. Advan- in PA6/MMT nanocomposite.
tages of nanocomposites range from enhancement of me-
chanical performand®-8] to reduction of permeability and
flammability [9—-11], better optical properties, modification 2. The modée
of magnetic, electric or light-transmitting performance, bio-
compatibility, thermochromic effects, better resistance to  Low frequency test methods would have the highest res-
ageing and environmental degradat[@i etc. olution power when scanning a polymer for multiple tran-
Considering the growing importance of these materials to sitions[18]. Because of this, the TMA method is sensitive
the global economy, it is necessary to investigate effective to changes in the elastic modulus and it proviflE3-21]
ways for the optimization of formulation and compounding numerous molecular and topological characteristics from
technology of nanocomposite. To make them more efficient the analysis of thermomechanical curves (TMC). The TMC
it is necessary to develop new methods for selecting the could be approximated as lines with several breaks separat-
characteristics of composite structure to maximize their most ing the apparently linear segments with varied slopes, what
desirable properties for specific applications. One of such informs about existence of material regions having different
methods could be the topological structure evaluation by the thermal expansion properties. Based on this fact, it is possi-
thermomechanical analysis (TMA). ble to assume that these regions differ in degree of order or
The motivation for this work was to complement the interaction energies. Such plots from early years of polymer
study of structure and properties of poly-e-caprolactam science served as a qualitative evidence for multiple transi-
(PAB) nanocomposites as an extensively studied modeltions in semi-crystalline polymers.
system. Thus, two commercial materials, neat PA6 and The new version of TMA has been used in stud-
based on it PNC are used. The latter material containsies of linear (having a physical pseudo-network called
2.0wt.% of organoclay (MMT intercalated with-amino also a temporary network) and crosslinked polymers,
dodecanoic acid) or 1.6wt.% (i.e. 0.64vo0l.%) of MMT. co-polymers and composites, as well as, interpenetrating

Owing to the reactive exfoliation method and the polar
nature of PAG, the clay is exfoliated and individual MMT
platelets are uniformly dispersed in the polymer matrix.
TEM shows that MMT frequently has the adjacent layer
crystallographically welded together. In the PA6 matrix the

and semi-interpenetrating networks, and rubde@s-39].
There is attempted to associate each TMC break with a
characteristic change in the thermal expansion properties
and related free volume fraction of particular amorphous
regions in polymer structure.

platelet cross-section is seen not as a line but a branched The new approach is based on a simplified model net-
structure. Thermodynamic interactions within the system work with physical and/or chemical junctions, which ac-

and the molecular structure were recently characterizedcounts for different thermal expansions in different zones
using the pressure—volume—temperature measurements anflinear segments) of TMC. Thus, the TMC may be used to
the analysis by means of the equation of sfa13]. The characterize quantitatively a polymer topological structure;
work shows strong interaction between clay and PA6 that it means regions having complex associated structures with
caused solidification of chains on the platelet surface well higher-level organization than the molecular one. Architec-

above the bulk melting point. One of the results of this be-
haviour is ca. 14-16% reduction of the free volume fraction
of PA6 caused by the addition of 0.64 vol.% of exfoliated
clay.

The rheological studie§l4] inform that about 1/3 of
MMT anions directly bonds to PA. The number of chains

ture with two or three amorphous regions (e.g. in the volume
between adjacent lamellae), probably interpenetrgthi@j

is found. These regions are not divided in space; they rep-
resent several types of interactions, which coexist in poly-
mers. They differ in the transition temperatures up to 200
and related compactne§z6—29]. Since the degree of or-

attached to a single clay platelet is ca. 47,000, thus, theder influences diffusivity of low-molecular substan¢48],
structure is named a “hairy clay platelets (HCP)”. Since the the two amorphous regions found in most tested compos-

platelets have high aspect ratpp = 286, HCP flow be-
haviour resembles that of the liquid crystal polymers (LCP).

As LCP, the HCP also aggregate into assemblies that at

low deformation rate respond similarly like a 3D network,

at mid-flow rates the assemblies tumble and slowly disinte-

grate, then at high rates HCPs became oriented.
Incorporation of exfoliated MMT into PA6 enhances

ites cause a heterogeneous distribution of ingredients hence
materials performance.

So far, nanocomposites have not been studied by means
of TMA to evaluate their topological and molecular charac-
teristics. This method may offer some additional informa-
tion for the optimization of multi-phase, multi-component
materials that progressively dominate the polymer industries

nucleation that accelerates crystallization and modifies the [41-43].
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Thermodynamics of arbitrarily chosen process requires by using model networkf36,39] makes possible to calcu-
that for the free energy to reach its minimum value, the late molecular weight (MW) and molecular weight distribu-
entropy and enthalpy must change. Thus, during melting, tion (MWD) of the chain segments between junctions in the
the enthalpy and specific volume changes. Some of thepseudo-network in particular region.
commonly used methods for the determination of crys- The lower surface of the specimen contacts a base of the
tallinity (DSC and dilatometry) are based on measurementsthermostatic chamber of UIP-70M apparatus made by the
of these propertie§44—-46]. However, these results are Central Design Bureau of the Russian Academy of Sciences,
volume-averaged, suffering from many experimental and Moscow, and the upper is probed with a measuring probe,
structural errors. the surfaces should be parallel. The procedure is as follows:

Comparison of X-ray diffraction and DSC results shows the specimen (ca. 1 mm thick plate 3-5mm in diameter) is
that the TMA is useful to evaluate the degree of crystallinity placed in the measuring cell of the thermostatic chamber. It
in thin (up to 0.5mm thick as calculated by using finite is cooled down (without pressure) at a rateCdmin from
elements analysis) layer of the polymer specirf#efi. The room temperature to c&. = —130°C, then kept at this tem-
contact surface area is ca. 0.17 farBecause of this, the  perature for 10—15min to equalize a thermal field within a
information about polymer properties is an average on this specimen. To ensure reversibility, the applied initial speci-
surface and depth. men deformatiorH (obeying Hooke's law) is smaller than

Thus, to discuss results obtained by the TMA it is neces- 5% of a radiuRR of the probe’s tip, it means below 0.05 mm.
sary to know the thermal and stress history of the specimen.To obtain the TMC, the probe 2.0 mm in diameter with a
We expect that information obtained at orthogonal directions hemispherical tip and with constant load of 0.1-0.5g (min-
may be used for determination of topological anisotropy of imum for the instrument) is lowered to contact with the sur-
polymeric materials. face of specimen. This minimum load is determined by the
sensitivity of TMA measuring load cell.

The heating is carried out at the same rate as the cooling
and lasts until the specimen either starts to flow (for linear
polymers), or to degrade (for crosslinked polymers). During
the heating, the varying deformation of specimen (usually
AH < 0.1mm) is measured. Such deformation is a sum

The two commercial materials were supplied by the Ube of the linear thermal expansion and the thermomechanical
Industries Ltd. However, we did not obtain the information deformation resulted from penetration of the probe. The di-
on properties of the nano-clay used. The specimens as discsection of the thermal expansion is opposite to the thermo-

3. Experimental

3.1. Materials

were prepared according to following procedures.

The first specimen was well dried PA6 (Nylon 1015B,
M, = 22 kg/mol, heat deflection temperature HBT75°C
and flexural elastic modulus = 285 MPa). It was compres-

mechanical deformation.

Coefficients of linear thermal expansion below X@nd
above {») the glass transition temperaturgg] have been
determined at non-equilibrium conditions from the TMC as

sion moulded in a Carver laboratory press for 5min at the slopes of straight lines portions of the curve within the glassy

temperaturel’ = 235°C and pressuré® = 70 MPa. Then

and rubbery state, respectivety= (AH/Hp)/AT, where

the press plates were cooled by cold water, pressure releasé\H/Hg is a relative change of an initial heigHp (specimen
and specimens removed from the mould. The solidification thickness) within the temperature intervalT.

was fast as the crystallization temperature is about°200

There are several methods of evaluation of voids volume,

and proceeds without a contact with ambient air contrary to but they give results differing even three times or mid:&].

that described in the second part of this article.

One of them usea values below and over the glass tran-

The second specimen was well dried PNC (Nylon 1015C2 sition to evaluate the so-called “free volume fracti®f)

containing 1.6 wt.% of exfoliated clay in PA6 matrix, having

Mpn = 22 kg/mol). It was compression moulded as above.

of amorphous polymers &y, being related to their coop-
erative entropical changes, according to empirid&,48]

By comparison with neat PA6, the PNC has density higher dependence:

by ca. 1%, HDT= 140°C increased by 65C and E =
359 MPa increased by 26%.

3.2. Methodology

Vi & 3(ap — a1) Ty ~ const.~ 0.113 (1)

Here it is accepted that volumetric thermal expansion coef-
ficient is equal to three linear one, material is isotropic and
sizes of voids are similar in three directions. This depen-

The .TMA is based on measgrements of the def(_)rmation dence was elaborated for polymers in iso-free state (a not
of specimen under low load during the temperature increase, isiled condition) [18,49,50], or proposed by Prival{s0]

what gives the TMC. Analysis of the TMC leads to deter-

mination of transition temperatures, degree of crystallinity,
and shares of regions differing by thermal expansion. Fur-
thermore, the published procedure proved experimentally

its adjusted version as

T
Vi ~ 3AaTy (1 - FZ)
9

(2)
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whereTy; is the hypothetical temperature of the equilibrium
second order transition amle = oy — a71.

Eg. (1) has been deeply discussed by Lipafd9] and
Privalko [50]. Lipatov termed it agjeometrically free vol-
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The transitional zone of the TMC is caused by polydispersity
of lengths of the chain segments between junctions of the
polymer network or pseudo-network. Molecular weight of
them is directly proportional to a value &T according to

ume fraction (ca. 10-15% of specimen). However, the above the empirical relatiorf19]:

value varies for particular polymer depending on its molecu-
lar weight, crosslinking degree and rigidity of chajh8,50],
conditions of formation of its structuf®1], and on evalu-
ation method18,49,50]what limits its usability. For rub-
bery materialsV; ~ 0.113, when for rigid-chain polymers
Vi > 0.113 and for soft-chain crystallizable polymérs <
0.113. Simultaneously, physically free volume fraction, de-
termined by relaxation times (ca. 3% of specimen volume)
has been discuss¢d9]. Its variation is lower than that of
geometrically free volume.

The free volume usually is evaluatfg®?,53] by using the
following expressions:

€nh &Enh
3AaTy = | — - 3
e |:RT9:| exp[ RT9:| ©)
Eh ~
R_Tg ~ In Vf (4)

whereey, is the energy of hole formation. Volume of voids

11AT
— ~ 10
100+ AT

where Mpin is the lowest molecular weight of polymer
segments between junctions in the polymer network or
pseudo-network, which start to flow in loaded specimen at
temperatureTyin [19,37,57-59].Mnin is directly propor-
tional to ATmin = Tmin — Tg. For the highest molecular
weight segments, this process begin3at It meansMmax

is directly proportional toA Tmax = Too — Tgy-

If the straight-line segment of TMC that describes the
melting process of crystalline portion does not end by a
deformation curve (low temperature crystalline portion), it
is assumed that between junctions of this portion of polymer
My = My. In polar and highly viscous polymerd/, is
evaluated only. The transitional zone of the TMC could begin
immediately afteifg what is shown irFig. 1(a) and (b) as the
curve BC. It also could be combined from linear segment CD
describing rubbery properties and the curve DOFig. 1,

visible on a surface of material also could be evaluated from point D is accepted as the end of straight-line segment.

AFM images, but it is much larger than determined by above

methods.

Interval Q092 < 3AaTy < 0.117 correspond t0.025 <
Vi < 0.035[54], what make possible to find the empirical
scaling factor,(0.092+ 0.117)/(Q025+ 0.035) = 3.48 of
the experimental values of 3AgTrom TMA (Table 1) and

Vi from expressions (3) and (4). Considering this, we obtain ve =

a corrected version of the dependence (1) as

Vs ~ 0.86(c — 1) Ty 5)

Distribution of voids within a polymer is not uniform that
allows different motion$49]. Because of this, particuldl
could correspond to different statistical distribution func-
tions of voids due to variations in a structure of polymer.
Based on data of Ferrjp5] and two ways of statistical
calculations on three sigma level (99% confidence limit), it

has been found that the ratio of the thermal expansion coeffi-

cients below and abovgy at the same heating rade /oy <

5.12 for unfilled polymers could be preliminary accepted as

a criterion that this structure is amorphd&®]. The ratio
az/ay > 6.24 is typical for crystalline and semi-crystalline
materials.

The TMC may be recorded in machine (or normal to the
surface of specimen) MDand transverse direction FTDre-

spectively, to evaluate anisotropy of material structure. One

measure of anisotropy is the ratigq, of the amount of or-
dered portion in parallel () and perpendicular (%) direc-
tion to that used during specimen manufacturing:

v

Ky =
a gDJ‘

(6)

The equilibrium high-elastic modulug.,, correspond
with a plateau of high-elasticity in amorphous region of a
polymer. The crosslink densitye in a pseudo-network of
amorphous regions could be calcula&®—62] from the
expressions:

Ex

— 8
3RT ®
whereR is the gas constant afdis the temperature or
0
= 9
Ve M, 9)

wherep is polymer density and/, is the number-average
molecular weight.

Many characteristics from the TMA are correlated sat-
isfactory (r > 0.7) with mechanical propertief63—65].
However, molecular weight evaluated by the TMA for par-
ticular topological region is different from the global value
determined by methods when testing of dissolved mate-
rial. It could be resulted from changes of intermolecular
interactions due to a difference in testing temperature and
penetration of solvent molecules between neighbouring seg-
ments of polymer chains. In addition, entanglements would
act differently in molten polymer than in its low viscous
solution.

3.3. Accuracy and reproducibility
The accuracy of the temperature measurements in ther-

mostatic chamber of the instrumenti®.05°C, but within
a specimen may vary due to differences in local heat trans-



B. Jurkowski, Y.A. Olkhov/Thermochimica Acta 414 (2004) 243-253 247

Table 1
Molecular and topological structures of PA6 and its nanocomposite (PNC)
Analysed parametr(95% confidence limit) PA6 PNC
I® 1P I 1
Low-temperature amorphous region
Tg, °C (3 -5) —14 -13 -6 14
a1 x 10°, deg? (+10%) 6.0 2.6 6.2 2.3
ap x 10°, deg ! (£10%) 24.0 15.5 26.6 9.7
Vi (£10%) 0.140 0.101 0.157 0.057
M}, kg/mol (£10%) 9.7 339 45 12.3
K’ (£10%) 1.41 1.64 1.44 1.72
Ew, MPa &10%) 1.92 0.63 3.0 1.72
ve x 10* (£10%) 1.60 0.53 3.40 1.54
¢ (£10%) 0.31 0.94 0.19 0.85
High-temperature amorphous region
Thit, °C (£3 -5) - - - 166
Vi (£10%) - - - 0.096
M}, kg/mol (£10%) - - - 158.5
K” (£10%) - - - 1.59
T¢, °C (£3 -5) - - - 201
¢" (£10%) - - - 0.15
Low-melting crystalline portion
T/, °C (£3 -5) 46 - Vo) -
a3 x 10°, deg? (+10%) 47.1 - 59.5 -
M, kg/mol (£10%) 455 - 45 -
K" (+£10%) 1.52 - - -
@ (£10%) 0.67 - 0.11 -
Intermediate-melting crystalline portion
T/, °C (3 -5) - - 119 -
az x 10°, deg? (£10%) - - 40.3 -
My, kg/mol (£10%) - - 1780 -
@"" (+£10%) - - 0.34 -
High-melting crystalline portion
T, °C (£3 -5) 202 198 139 -
as x 10°, deg ™! (£10%) 47.1 39.5 48.1 -
M/, kg/mol (£10%) 3.0 2.5 2500 -
K" (+10%) 1.67 1.54 - -
Ts, °C (£3 -5) 206 208 201 -
@1 (+10%) 0.02 0.06 0.36 -

Valyes averaged between regibns
My, kg/mol (+10%) 335 32.1 1500 41.2

a K = My/M,, polydispersity index;\Z,,, the weight-average molecular weighi, is the number-average molecular weight,the temperature of
the beginning of molecular flowly the glass transition temperatuiBy the high temperature transitiofy, the temperature of the beginning of melting
processV; the free volume fraction calculated as equal to 34cfka = a2 — a1, a3 the coefficient of linear thermal expansion in a glassy stateas
a1 but in a high-elastic state, low-temperature regieg,the coefficient of linear thermal expansion during melting of low-melting crystalline portion,
ag asag but for high-melting crystalline portiony—a weight share of the region.

b Orientation in machine direction (MD) or parallel to strefs@r normal to the surface of specimen and in transverse direction (TD) or perpendicular
to stress (L).

¢ Averaging was performed using weight shares of the regions and resp#fjiveagnitudes.

fer. The accuracy of deformation #85 nm. Taking into ac- 4. Results and discussion
count some non-uniformity of specimens and other varia-
tions, the characteristic temperatures are determined with4.1. Topological and molecular structures of PA6 specimen
accuracy+3 to 5°C. Consequently, the errors Bf,, MW, tested in MD//
and free volume fraction are less than or equati®%.
The data were reproducible within the error limits-65 The thermomechanical curve for neat PA6 showhim 1
to 10%, but in some cases, it can be as large-28% due has been recorded from100 to 220°C (beginning of flow).
to heterogeneity of the materials and differences in their It has a typical shape for a semi-crystalline polymer. Thus,
thermal and stress history. between temperature of the beginning of test egui00°C
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polymers’ network in the amorphous part. Thus, it is possi-
ble to evaluate MWD and to calculate the humber-average
and the weight-average molecular weights of chain
segments between junctions in the amorphous region
[36,39].

The transitional zone of the TMC ends at temperature
corresponding to point C and the polymer begins for the
second time to expand linearly because of increasing the
free volume[34]. This zone corresponds to the elastic
plateau, i.e. it is a zone of relatively stable pseudo-network
of amorphous topological region of PA6 (the zone CD). Itis
assumed by TMA methodology that TMC between points
A and D characterizes the first amorphous region in glassy
and rubbery states. In many cases, two amorphous regions
| with different transition temperatures could be observed.
\ Usually zone CD is quite long to determine accurately a
‘ slope of the straight-line segment of the curve (Fig. 1(b)).
If it is short, as inFig. 1(a), it has been assumed that it
describes a small amount of an amorphous portion with
determined roughly a ratio af>/a1 usually on the level
between 2.5 and 3. However, such interpretation needs
some additional information about existence of amorphous
structure from independent measurements. The expansion
rate of a polymer in this zone is constant and equal to the
coefficient of linear thermal expansion within the rubbery
region,a = 2.4 x 10~*deg . Based on statistical studies
[56] it has been expected that the physical junctions in a
pseudo-network of amorphous topological region could be
PAG6 crystallites.

The principal expansion zone of PA6 starts at the tem-
perature corresponding to point D on the TMC. This rapid
expansion, with the straight line DK dependence giving
the thermal expansion coefficieag = 4.7 x 10~*deg?,
and ratiowz/a1 > 6.24, corresponds to melting of a crys-
talline portion[40,55,56]. PA6 specimen after termination
of compression moulding has been cooled in the mould
together with heating plates. Due to high heat capacity
of metallic plates and mould, a substantial lowering of
specimen temperature begins after some period from the
beginning of flow of the cooling water. Because of this,
for crystallizable polymers during this period, it is ob-
served some crystallization on the surface of specimen
andTy = —14°C, PAG6 is in a glassy state and, due to this, it before solidification. Inner part of it is preserved at crys-
expands linearly when heated at a constant rate (the straightallization temperature during longer period, what results

Deformation x 10°, em

Deformation x 10°, em

(b)

Temperature, °C

Fig. 1. The thermomechanical curve for compression moulded neat PA6
tested in (a) M} and (b) TD" test directions.

line AB). The coefficient of linear thermal expansion in this
zone,a; = 6.0 x 10~ °deg L.
At Tg (point B in Fig. 1), the segmental mobility in a

in a gradient of crystallization degree across the specimen.
Given above interpretation of the TMC agrees with com-
mon knowledge that PA6 is a semi-crystalline polymer.

pseudo-network starts to increase and a transitional zone be#f some assumes that a segment CK describes proper-
gins (the curve BC of the TMC). This zone originates from ties of one topological region of the polymer instead of
the thermomechanical deformation under applied load andtwo regions discussed above it will be equal with accep-

it characterizes a structure of the amorphous region. The ob-tance of its crystalline structure, what is contradictory with
served changes are resulted from the thermal disintegrationwell-known literature data. From this, it is concluded that

of physical junctions in the pseudo-network, which lowers
the elastic modulus. The theory of the TMC analy33-35]
and the physical networ$6] relates the transitional zone
to MWD of the chain segments between junctions of the

interpretation of the TMC in the last two paragraphs is
reasonable.

At the temperature marked by point K Fig. 1(a), the
melting expansion (following the straight line DK) starts
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to be complicated by a thermomechanical deformatiy, [
caused by essential penetration of the measuring probe into 02}
the melting specimen. It may be shown that, similarly as b

for amorphous polymergs7], within the transitional zone

KM successive fractions of different molecular weight are

being activated (melted), thus, under assumption of ap- 0.1
parent equilibrium, one may compute the MWD of the

chain segments between the network junctions. However,

the results depend also on the compressive stress/elastic 0 f i

modulus ratio,P/E [39]. Thus, the TMC within the KM 2 3 . 5

interval depends not only on the MWD, but also on the logM,

P/E ratio. The last one may also influence the calculated Fig. 2. Molecular weight distributions of the chain segments between

MWD. junctions in a pseudo-network of amorphous (a) and crystalline (b) topo-
The increase in temperature fro‘ﬁg to Tg in Fig. 1(a) logical regions for compression moulded neat PA6 tested i MD

causes all of these deformation jumps at successive temper-
atures,T;, that reduces the elastic modulus. The process is
attributed to a sequential transition of different M/ M; solid PA6, but they are hardly to be compared with data from
of polymer segments between junctions (starting from the Other methods, when usually dissolved polymer is tested
lowest to the highest MW) into the molten state. When the and is accepted as a single-phase material. Dissolving essen-
temperature reachds,, the equilibrium deformatiohls is tially changes interactions between neighbouring chain seg-
obtained before the test ends. As it was pointed out abdye, ~Ments, what suggests that characteristics from TMA should
is directly proportional taAT; = T; — T [19,37,57-59]. In be different from such characteristic obtained in a liquid
a pseudo-network of PA6 the amorphous regions are linkedPhase. However, to make some comparisons we also have
by the thermally stable crystalline regions, which begins to averaged the MW between junctions of PA6 for all topolog-
melt at7}, = 202°C (point M). ical regions observed by the TMA. For this purpose it has
The short straight-line segment MMf thermal expan- ~ been accepted thall, = My/K = 13kg/mol (Table 1).
sion at melting of high-melting crystalline portion is visible AS expected, this value is lower thall, = 22kg/mol
as a zone of plateau of high-elastic deformation of this por- determined by Ube Ind. for the bulk polymer, by means
tion. It ends at temperaturg corresponding with point O  ©Of a size exclusion chromatography (SEC) as the junction
(minimum at the curve) at which elastic modulus of a poly- involves entanglements hence the average shoulife.
mer approaches zero-level and the polymer starts to flow The polydispersity indexes of PA6 for compared testing
(the curve segment OT). A, the smallest chains begin to methods are similar, vizK = 2.6 and 2.3, respectively,
flow. However, at this temperature a polydispersive polymer what is reasonable taking into account some differences in
would not flow under the standard processing conditions. testing conditions and some error of MW evaluation.
Proper processing requires reaching a higher temperature en- The usually cited the glass transition temperature of PAG,
suring a technological flow at given shear rate, at which the 7g = 50-75°C, as determined by, e.g. DSC, represents an
highest molecular weight fractions start to flow. Because of average for all structures within the tested specimen. How-
this, for a given polymer the wider the MWD the higher is €ver, TMA detects several relaxation processes, which indi-
the processing temperature. Analogous description of TMC cate that the onset of the thermal motion is associated with
of other polymers or polymeric composites could be made the transitions characterizing several topological regions and
[28]. extending from—14 to 160°C (Table 1). This suggests an
The calculated MWD of chain segments between junc- €Xistence of a variety of structures differing in interaction
tions in amorphous and crystalline regions of PA6 are energies. Similar conclusions might be made also for the
shown in Fig. 2. Both MWDs are bimodal enriched by ~Melting temperaturesm.
smaller fraction of a high-molecular weight component.
The molecular and topological characteristics of PA6 are 4.2. Effect of test direction
listed in Table 1. There are four, three or two sets of data
for MW between junctions in the pseudo-network of amor-  The TMC for PA6 tested in TB (Fig. 1(b)) has charac-
phous and crystalline regions depending on how it is tested. teristics different from these in MD(Fig. 1(a)). However,
Their topological structure is determined by conditions in both cases the polymer structure is semi-crystalline what
of synthesis (chemical structure of polymer chains) and is evidenced by a ratio of thermal expansion coefficients in
specimens manufacturing (different variation in stress and particular linear zones of the TMC. It is known that tech-
thermal fields). They are very different what is difficult to nological flow of molten polymer and compression of it at
be explained without further experiments. P = 70 MPa in the mould make some plane orientation of
Data collected iriTable 1describe some molecular prop- PAG6 chains, mostly horizontal and radial out of the specimen
erties of particular amorphous and crystalline regions of centre. Because of this, an anisotropy of topological struc-
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ture is expected, what was observed also by TMA testing
of butyl rubber, Teflon, and many others (our unpublished
data). This also agrees with known observations a structure
of skin layer of rubber goods and tires, which are produced
by compression moulding.

In Fig. 1(a) there is one amorphous region and two crys-
talline ones that substantially differ iy, (Table 1), whereas
in Fig. 1(b) there is one amorphous and one crystalline re-
gion. Note that the final test temperatufe, is almost the
same in both tests. The numerical analysis of data shows a
substantial difference in crystallinity depending on the test
direction—the structure measured in Myives the total
crystallinity asy_ ¢! = 0.69, whereas that in TDis ¢+ =
0.06. Determined by DSC total crystallinity of PA6 was
about 50%. The difference could be explained by a fact that rig. 3. molecular weight distributions of the chain segments between
DSC is sensitive to crystalline phase independently on a sizejunctions in a pseudo-network of amorphous topological regions in two
of crystalline formations. Thermal effects (area under peak) different specimens of PA6 (curves 1 and 2) and PNC (curve 3) tested
depend on a share of crystalline portion in the specimen. in TD~.
From this could be formulated hypothesis that the difference
in crystallinity degree observed by DSC and TMA may be factors like compression rate (for SF1 anincrease in com-
resulted from TMA sensitivity to aggregated crystalline for- pression rate from 1.8 m/min till 5.6 m/min results in 45%
mations, but not to micro- and nano-size such formations increase of elastic modulus) and deformatj68]. During
[67] and the thickness of polymer layer tested—in TMA up test at flexing, the distribution of stress is more determined,
to 0.5 mm[47]. but also different from compression during TMA test. Sec-

Furthermore, the anisotropy is also reflected in redistribu- ond is testing temperature, which in a case of the TMA test
tion of the chains (giving different MW and MWD for the for low-temperature region of PAG it is equél, = 80 or
chain segments between junctions), as well as, the packingl50°C when for standard compression or flexing is room
density. Macroscopically, these molecular-level differences temperature. Third is time of measurements of deformation
result in specimen rigidity in two orthogonal directions. and speed of loading—for TMA it is static and equilibrium,
Thus, PAG6 tested in Mbis crystalline and in TB is almost for standard compression and flexural test speed of defor-
amorphous, and its low-temperature amorphous region ismation is usually 5 mm/s. Fourth is accuracytf evalua-
characterized by equilibrium elastic modulusig, = 1.92 tion. Data inTable 1were evaluated basing on assumption
and 0.63 MPa, respectively. that the Poisson ratio of neat PA6 and its nanocomposite is

These values are significantly different from that quoted equal to 0.5. Such magnitude is acceptable for amorphous
by the polymer manufacturer as the flexural bulk modu- region, but not for crystalline when 0.3—-0.35 is more proper.
lus, viz. E = 285 MPa (the tensile modulus for this PA6 However, it is difficult to calculate an average Poisson ra-
is 1.1 GPa) when crystalline region (ca. 70 wt.%) presum- tio for semi-crystalline material, because the values could
ably acts as reinforcing filler and networking agent what not be additive (influence of transitional layers). The fifth is
substantially influences macroscopic properties. How to ex- the thickness of a material layer tested and related structure
plain such a difference in the elastic modulus? The rea- distribution. In TMA, it is up to 0.5 mm thick with differ-
sons for it may be different testing conditions. First is a ent crystallinity degree than that that in the bulk. In macro-
shape factor (SF) of a specimen equal to a ratio of its scopically size specimens tested at compression or flexural
loaded surface to its free of load outer surface. For TMA mode it is different. All these reasons taken together (cor-
tests SF~ 0.17 mn?/5-10mn? = 0.01-Q02. For stan-  rection factorEcompr/ Ecc ~ 3 x 2 x 28 x 1.5 = 450) make
dard compression test using cylindrical specimen 30 mm in comparableéE,, andEcompr values.
high and 12mm in diameter it is quite different, namely In Fig. 3(the curves 1 and 2), MWD of the chain segments
SF~ 113/113= 1. Magnitude of SF strongly influences a between junctions of the pseudo-network of amorphous
side expansion of the specimen during compression due totopological regions in PA6 tested in TDare presented.
changes in compressive stress distribution what influencesThey could be bimodal or monomodal (however, a differ-
a spatial distribution of strain and friction between a loaded ence in modality could be resulted from scatter of evaluated
surface of the specimen and loading plates or probe of theMW), but show higher concentration of high-molecular
testing device. It has been found when testing rubber that forweight fraction than that in Mib(seeFig. 2, curve a). This
the higher SF elastic modulus at compression is essentiallyevidences anisotropies in the tested specimens, supported
higher. A change from SE 0.25 until 1.5 resultsin 2.5-fold  also by the three-fold difference in the equilibrium elastic
increase in modulus at 10% compression, four-fold at 15%, modulus (E; in Table 1) for low-temperature amorphous
and six-fold at 30%. The difference depends also on otherregion of PA6 at temperatures 80 and 180
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However, in PNC a total concentration of three crystalline
portions > 11wt.% + 34wt.% + 36wt.% = 81lwt.% is

The PA6 nanocomposite, called PNC, contains 1.6 wt.% higher than it was in PA6 using the same method of evalua-

of MMT. The TMC for this material (Fig. 4) is similar to
that of neat PA6 (Fig. 1(a)) tested in MDIts topological

tion >~ 67 wt.%+ 2wt.% = 69 wt.%. From other methods
[15,16], PNC crystallinity is also higher (60 wt.%) than that

structure contains amorphous pseudo-networked region withfor PA6 (ca. 50 wt.%).

Ty = —6°C and three crystalline regions differing in tem-
peratures of the beginning of meltingy, = 42°C, T}}
119°C and7} = 139°C, as well as, in values of the respec-
tive thermal expansion coefficientss = 5.95x 10~* deg 2,
a4 = 403 x 10%deg’!, andas = 4.81 x 10 *deg L.

As shown inTable 1, the MW in the two crystalline
portions detected by the TMA in nhanocomposite is nearly
three orders of magnitude higher than in neat PA6. This is
a gratifying result as it is knowfiL4] that in the PNC about
1/3 of chains is bonded to the MMT exfoliated platelets.

The criterion for declaring preliminarily all three regions as Considering that the average diameter of clay platelet is
crystalline is based on the ratio of thermal expansion coef- nearly 300 nm, the number of end-tethered chains per MMT
ficients during melting (relative slopes of the straight lines platelet is about 140,000, thus, the number-average MW of
DD/, D'D”, and O'D") to «7 in the glassy region (see line the “hairy clay platelet” is 1-3 Gg/mol. Furthermore, the
AB). The computed characteristics of topological structure crystalline surface of MMT strongly affects the segmental
are listed inTable 1. Characteristics of segments of chains mobility. Within the PNC, the first 6 nm of PA6 (in the
between junctions of a pseudo-network in intermediate and normal direction to the clay surface) is solidified. The chain
high-melting crystalline portions of PNC are two orders of mobility increases with distance from the clay platelet,
magnitude larger than molecular weight of neat PA6. How- but it takes 100-120nm before bulk mobility would be
ever, the chain segments with molecular weight not higher achieved. At the clay loading in the tested specimens, the
than 20 kg/mol could create a low-temperature region in neat average distance between platelets is ca. 140 nm, thus, only
both PA6 and PNC. As it was mentioned above, incorpora- a small fraction of PA6 enjoys the full thermal mobility
tion of clay changes the crystalline forms of PA6 from more [12,14]. This increases substantially the molecular weight

thermodynamically stable- to y-form[15,16]. The latter is
created very rapidly due to nucleating ability of MMT and
then slowly may transform back te-form.

TMA is unable to evaluate a size of crystalline cell as it is
during X-ray diffraction tests. However, analysing melting
temperatures of different crystalline portions it is possible to
make very preliminary conclusions about their amount. In
the case studied, low-melting crystalline portion (67 wt.%)
in PA6 transforms in PNC into another low-melting por-
tion (only 11 wt.%), but with higher melting rate, it means
with lower thermal stability. Simultaneously, introduction
of MMT increases number of crystalline portions observed
by TMA from two in PA6 to three in nanocomposite.

Deformation x 10°, cm

i, T T o
0 ] 100

Temperature, °C

Fig. 4. The thermomechanical curve for compression moulded PNC teste
in MD'".

of the physically networked polymer. Simultaneously, the
total crystallinity degree of such a system determined by
TMA tend to increase from.87 + 0.02 4 0.06 = 0.75 for

PA6 to Q11+ 0.34+ 0.36 = 0.81 for PNC (Table 1) what
agrees with DSC measurements and is analogous to a case
of rubber compounds. This fact is especially pronounced for
crystalline high-melting portion, a weight share of which
increases from 0.02 to 0.36. A new intermediate topologi-
cal form with molecular weight that exceeds one million is
evident in nanocomposites.

The TMC of compression moulded PNC tested in‘TD
(figure not given here) is different from that in MD(see
Fig. 4). It shows a typical behaviour for an amorphous
material with two regions differing in a degree of order
and related transition temperatures. Topological structure
of amorphous portion in PNC does not change with the di-
rection of testing, M or TD*, but reductions of the free
volume fractionV; of amorphous portion and substantial
increase in its share is observed when testing in D
TheV; in the amorphous portion of PNC has a value typical
for crystallizable polymers, but different from that for neat
PA6 (Table 1, low-temperature amorphous region tested in
MD'" and TD" directions) what could be explained by some
influence of MMT on non-perfect formation of a polymer
structure.

Comparing the two TMCs itis evident that within the PNC
specimen the crystalline portion is quite anisotropic, more
so than what has been observed for PA6 specimen. This is
also evident from data iffable 1. This agrees with a fact
that MMT is known to enhance the rate of crystallization of

4PA6, to change the crystal type from to y-form and to

increase the degree of crystalliniti4,16,69].
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The weight-average molecular weight, between junc-
tions in topological regions tested in TOs similar to that
of neat PA6, but in MD it is much higher, what evidences

(i) a substantial change in molecular weight between junc-

tions of pseudo-network in PNC and (ii) partial transition

into amorphous the less thermally stable crystalline struc-

tures during TMA test in TB. This also suggests that

introduction of MMT and compression moulding applied 4-

makes some non-uniformity of junction’s distribution in a
pseudo-network of PNC—70% of it is included in a crys-
talline portion, but low dense networked. This could be one

of the reasons for creation of the observed more elastic crys-

talline portion.

It is interesting to compare the MWD of the chain seg- °-
ments between junctions in a pseudo-network of amorphous

regions of PA6 and PNC in Mb—see curve (a) irFig. 2
and curve (3) inFig. 3, respectively. Both specimens have
bimodal MWD, but in PNC, the high MW peak is much

more pronounced, what should improve ultimate properties

of materials[70]. This would indicate that high MW chain

segments are more frequently found in PNC than in neat ma-
trix, but at the same time the absolute magnitude of MW of 6.

the segments in PNC is smaller that that in PA6. The differ-

ence between the MWD of chain segments may indicate dif-

ferent types of networking junctions (chemical bonds gath-

ered or not, or physical interactions) in these two specimens.

This, by itself, is to be expected as the presence of MMT
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phous region and three more ordered (crystalline?) por-
tions distributed non-uniformly in space and differing
in morphology and related compactness. An anisotropic
packing density of amorphous region has been shown as
differences in the free volume fraction determined in two
test directions. Differ alsdg magnitudes ané., at Too

in the low-temperature amorphous region.

The free volume fraction of PA6 in the amorphous topo-
logical regions has been increased upon MMT addition.
This disagrees with previous findings based on the anal-
ysis of PVT datd12]. Further detailed study of this phe-
nomenon could explain why such composites have im-
proved moisture resistan§¢g9].

The nano-clay exfoliated and well dispersed within the
matrix increases the apparent molecular weight of the
chain segments between junctions. Such MW reaches a
magnitude of some millions, what partly explains the
reason for substantial improvement in mechanical prop-
erties observed by many researchers. This suggests also
that nano-particles of MMT act as junctions of polymer
pseudo-network.

Some orientation was observed for compression—moulded
specimens of neat PA6. However, the degree of chain
orientation does not reach such a level as it is for crys-
talline portion.

has large influence on the crystallinity, crystalline form of Acknowledgements
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