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ABSTRACT: The interphase between the inorganic filler and the polymer matrix is considered as one of the
most important parameters for inorganic/polymer nanocomposites. In nanocomposites based on semicry-
stalline polymers we have to take into account two, often immobilized, interphases. One is existing between
the polymer crystals and the amorphous part of the polymer and another one between the inorganic filler and
the polymer matrix. The fraction of immobilized interphases, the rigid amorphous fraction (RAF), is
available from specific heat capacity at the glass transition region of the nanocomposites. Assuming a certain
constant amount of RAF around the individual lamellar crystals, which is available from the pure
semicrystalline polymer, we determined the RAF related to the inorganic nanofiller. For the polyamide
6/layered silicate nanocomposites studied the RAF due to the filler reached more than 25% of the polymer
fraction. The existence of a RAF around the nanofiller finally explains the observed reduced crystallinity in
the polymer and the retarded nonisothermal crystallization of the polyamide 6 in the nanocomposites.

1. Introduction

Filling polymers with inorganic particles is used to improve the
stiffness of the materials, to reinforce thermal and mechanical
properties as well as the chemical stability, to enhance the
resistance to fire, decrease the gas permeability etc., see1 for a
review. On the other hand, addition of only a small amount of
inorganic particles influences crystallization kinetics during pro-
cessing of semicrystalline polymers. The particles often act as
nucleating agents2,3 but also retardation of crystallization has
been observed.4,5 Sometimes, decrease or increase of the overall
growth rate depends on filler concentration.6-9

Despite the wide application of polymer/inorganic nanocom-
posites the basic understanding of the interaction between the
polymer and the inorganic filler is still lacking. Modification of
the structure and dynamics of the polymer at andnear the particle
surface is considered important.10,11 Because of the large surface
area this interphase should contribute significantly to the proper-
ties of the nanocomposite, even at low filler content. Most
probably chain connectivity and mobility in the interphase
defines the overall properties of the composite. Particularly
important for the nanocomposite properties is a good adhesion
between nanoparticles and the polymermatrix. It is assumed that
the existence of an immobilized amorphous polymer fraction
around the nanoparticles could actually enhance this adhesion,
thus resulting in improved impact strength (toughness).

Obtaining information about mobility of different fractions in
the polymer needs experimental methods which are sensitive to
the dynamics of the polymer chains and which can be easily
applied tomulticomponent systems. Differential scanning calori-
metry (DSC) is such a technique, and it is widely used to
characterize polymer nanocomposites. Changes in crystalliza-
tion, melting and glass transition behavior can be detected and

have been reported frequently. However, so far only minor
attention has been paid to deduce the existence of an inter-
phase in inorganic/polymer nanocomposites from DSC curves.
Privalko et al.12,13 used specific heat capacity to identify a fraction
of reduced mobility in nanocomposites. Pissis et al.14,15 applied
different relaxation experiments like dielectric spectroscopy and
TSDC (thermally stimulated depolarization current) to deter-
mine an immobilized fraction indifferent nanocomposites. In this
paperwe extend our previous studies16 on heat capacitymeasure-
ments for nanocomposites of amorphous polymer matrices to
nanocomposites consisting of a semicrystalline polymer matrix,
particularly polyamide 6 (PA6). To identify an immobilized
interphase of the polymer a formalism was applied which is well
established for the determination of a rigid amorphous fraction
(RAF) in semicrystalline polymers, and described in detail by
Wunderlich et al.17,18 The existence of a rigid amorphous fraction
in poly(methyl methacrylate) (PMMA)/SiO2 nanocomposites
based on heat capacity measurements at the glass transition of
the polymer has already been shown. The immobilized polymer
layer around the particles was estimated to be about 2 nm thick.
For the systempolystyrene (PS)/SiO2, an immobilized layer could
not be detected, implying that the existence, size, and properties
of the organic/inorganic interphase varies between different
composites.

No universal picture can be drawn; each nanocomposite has to
be treated individually with respect to its components (polymer,
filler, chemical modification, or other additives) and preparation
(filler modification, dispersion, processing). The study reported
in ref 16 focused on amorphous polymers and its nanocompo-
sites. In this paper, we report heat capacity measurements of
nanocomposites with crystallizable polymers, in particular poly-
amides (PA). We will discus rigid amorphous fractions of two
different origins.One rigid amorphous fraction is originated from
the filler, as described above for an amorphous matrix. The
second fraction of rigid amorphous polymermaterial is caused by
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the restriction of mobility of the amorphous material due to the
polymer crystals. The methodology for determination of these
fractions of different mobility from heat capacity and its limita-
tions are described.

Finally, based on the occurrence of two interphases we will
provide an explanation of the observed reduction of crystallinity
of the polymer fraction and retardation of nonisothermal crystal-
lization for PA6/layered silicate nanocomposites.

2. Experimental Section

2.1. Materials. The polymer matrix Polyamide 6 (Aquamid
AQ500) was supplied by Aquafil Technopolymers. Before the
compounding tests it was dried to a water content lower than
0.1 wt %. In this dry state the melt volume rate of PA6 was
62 cm3/10 min at the processing temperature of 240 �C and
a load of 5 kg (according DIN EN ISO 1133). The organo-
philically modified MMT Nanofil 9 is stearylbenzyldimethyl-
ammonium chloride modified montmorillonite purchased from
RockwoodAdditives as a powder with amedium particle size of
8 μm. Inorganic clay content is 66 wt%of the total filler content
and the layer distance between the platelets is 2.1 nm. Pursuant
to the data sheet of the manufacturer the MMT has a primary
particle size after complete exfoliation of 100-500 nm in lateral
directions and a thickness of about 1 nm. The powder was also
predried before compounding.

Nanocomposites have been melt-mixed at 240 �C for 5 min
using a 15 cm3 microcompounder (DSM, Geleen, Nl) with a
screw speed of 100 min-1. Beside the pure polymer, nanocom-
posites with Nanofil 9 content between 3.3 and 60.8 wt % have
been produced. Resulting inorganic content, which is given in
the sample names, was between 2.2 and 40 wt%. The difference
between filler and inorganic content is due to the organic
modifier in the Nanofil 9.

2.2. Calorimetry.Heat capacity curves were obtained using a
PerkinElmer PYRIS Diamond DSC. Samples were heated to
the melt for ensuring uniform conditions at the beginning,
followed by cooling at 10 K/min to the crystallization tempera-
ture or for nonisothermal crystallization to-50 �C. Precise heat
capacity at Tg was determined from the following StepScan
differential scanning calorimetry (SSDSC) run, a special variant
of temperaturemodulatedDSC.Measurements were performed
using samples of about 20 mg, 2 K steps at heating rate 6 K/min
and isotherms of about 1.5 min.16,19 The temperature range, if
not other indicated, was from-50 (belowTg) toþ250 �C (above
Tm). The instrument was calibrated as recommended by GEF-
TA20 by indium and zinc at zero heating rate for temperature
and by sapphire for heat capacity.

For the enthalpy relaxation experiments at annealing below
Tg a Perkin-Elmer DSC6, applying the identical calibration
procedure was used in the common way.21 Samples were
isothermally crystallized at 200 �C until crystallization resulted
in a metastable semicrystalline structure, followed by cooling
with 10 K/min to the annealing temperature of 30 �C. After
annealing time of 4 h, the sample was cooled at 10 K/min to
-20 �C, followed by two heating runs at 10 K/min between
-20 and þ150 �C. Cooling rate in between was 10 K/min too.
Specific enthalpy change caused by annealing can be calculated
by integrating the heat capacity difference between the two
heating runs in the glass transition region.

3. Results

3.1. Determination of the Rigid Amorphous Fraction at
Glass Transition. The mobile amorphous fraction is defined
as the polymer, which behaves liquid like, e.g., vitrifies or
devitrifies in the common glass transition region (Tg) and
contributes therefore to the heat capacity step at Tg. The
solid fraction (SF) does not vitrify or devitrify at the common
glass transition and is composed of crystalline and glassy

material. A more detailed view on the states of condensed
matter in polymers has been given by Wunderlich.22,23

Ideally, the different fractions of mobility in semicrystal-
line polymers can be determined from one single DSC
temperature scan. The mobile amorphous fraction (MAF)
can be calculated from the heat capacity increment at Tg

according to eq 1:

MAF ¼ Δcp=ΔcpðamÞ ð1Þ
where Δcp is the measured heat capacity increment at Tg of
the semicrystalline sample and Δcp(am) is the heat capacity
increment of a totally amorphous sample. The crystalline
fraction (CF) can be calculated from melting enthalpy
according eq 2

CF ¼ Δh=Δh0 ð2Þ
where Δh is the enthalpy of fusion from integration of the
heat capacity in the melting region andΔh0 is the enthalpy of
fusion for a 100% crystalline material at the same tempera-
ture.WhereasΔcp(am) is sometimes experimentally accessible
for quenched polymers, Δh0 must always be taken from
extrapolations and is for more than 200 polymers available
from ATHAS database.24 For polyamides which crystallize
relatively fast and completely amorphous samples cannot be
produced under the experimental conditions of a DSC
measurement, Δcp(am) can be taken from ATHAS database
too. Because of the relatively broad glass transition region
and the small heat capacity step for semicrystalline polymers,
the accuracy of Δcp from a standard temperature scan DSC
experiment is low. TMDSC, or StepScan DSC, allows more
precise determination of Δcp but Δh cannot be achieved.25

Therefore, Δh in this study was either calculated from cool-
ing curves at 10 K/min for nonisothermal crystallization or
from a normal DSC heating scan at 10 K/min after isother-
mal crystallization, while Δcp was obtained from a separate
TMDSC-StepScan measurement. Before each experiment
the sample was heated to the melt at 250 �C, held there for
5min to erase thermal history, followed by cooling to 200 �C,
and annealed there for 8 h for isothermal crystallization
toward a metastable structure. After annealing, the sample
was further cooled to -50 �C followed by the temperature
scan of interest. Identical thermal treatment including era-
sure of thermal history in the melt before normal scan and
StepScan measurements leads to the assumption of an
identical structure at the beginning of the scans. Values for
Δcp and Δh, or MAF and CF, respectively, can be taken
to calculate RAF according eq 3 under the assumption of a
“3-phase-model” for semicrystalline polymers:

RAF ¼ 1-MAF-CF ð3Þ
The heat capacity from a StepScan experiment of pure

semicrystalline PA6 in the glass transition region is shown in
Figure 1 as curve a.

For semicrystalline polymers, it is well-known that the
observed step in heat capacity, Δcp, at the glass transition is
often less than expected from crystallinity. Wunderlich et
al.26 therefore introduced the concept of a rigid amorphous
fraction (RAF) according eq 3. From a temperature scan to
the melt or during crystallization on cooling, the heat of
fusion can be obtained by integrating the endothermic or
exothermic peak. For the PA6 sample shown in Figure 1 one
obtains a crystalline fraction of 0.3 from the enthalpy of
crystallization, see Figure 2. The expected heat capacity step
at Tg is than 0.7 of the step found in the completely
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amorphous PA6, assuming a 2-phase-model. Curve (b) pre-
sents the expected specific heat capacity assuming a 2-phase-
model and is calculated as a simple superposition of the heat
capacities for amorphous (cp(amorph)) and crystalline
(cp(crystal)) fraction (AF and CF) according eq 4.

cpð2-phase-modelÞ ¼ cpðamorphÞ � ð1-CFÞþ cpðcrystalÞ � CF ð4Þ
Obviously the experimentally determined step is signi-

ficantly smaller than expected from the 2-phase-model.
Therefore, a 3-phase-model, including RAF, has to be
applied. The above-described algorithm for calculation of
the RAF is only applicable if the baseline heat capacity is
measured and no additional processes, except glass transi-
tion of the MAF, are present in the temperature range
around Tg. Additional processes might be nonreversing or
reversing melting or successive devitrification of the RAF. A
simple superposition for liquid and solid heat capacities,

similar to eq 4, should fit the measured curve above Tg using
SF instead of CF. Such a curve is shown in Figure 1 as
curve e. Comparing the steeper slope of the measured heat
capacity in comparison with the slopes of liquid and solid
heat capacities implies that this method is not easily applic-
able in the present case. A non-negligible contribution to the
measured heat capacity must be either an excess heat capa-
city in addition to the baseline heat capacity or due to a
continued extension of the glass transition toward higher
temperatures (successive devitrification of the RAF). An
excess heat capacity could originate from a reversing melt-
ing-crystallization processes as described in.27-31 This large
slope results in another problem, namely the evaluation of
the glass transition itself. Standard methods for glass transi-
tion evaluation use tangents at the heat capacity curve above
and below the glass transition region. The glass transition
temperature Tg can be defined as the temperature at which
the measured heat capacity curve equals the half distance
between the tangents. Then, the relaxation strength Δcp is
defined as the difference between the tangents at Tg. [We are
using the term “relaxation strength” for describing the height
of the heat capacity step at glass transition. The experimental
method applied is TemperatureModulated DSC (TMDSC),
which tests the relaxation behavior of the supercooled liquid
and not the thermodynamic transition of the glass into the
liquid. This is in accordance with relaxation experiments like
DMA or dielectric spectroscopy.] In Figure 1 the tangent
below glass transition coincides with the heat capacity of the
solid. The tangent, best fitting the measured curve above the
glass transition range, is given as the dashed line. Using
this construction Tg and Δcp are determined as Tg(tangents) =
48 �C and Δcp(tangents) = 0.12 J/(g K). Because of the
appearance of an excess heat capacity or the continuous
devitrification of the RAF just above Tg this method obvi-
ously fails, because the tangent above Tg is mainly deter-
mined by the processes responsible for the large slope of the
heat capacity curve. This tangent can therefore not be used
for evaluation of the glass transition and, consequently,
calculating MAF at Tg. We had therefore to find a more
objective way of definingTg andΔcp from themeasured heat
capacity curve above the glass transition.

Assuming a 3-phase-model a superposition of the heat
capacities of the three fractions represents baseline heat
capacity according eq 5.

cpðbÞ ¼ MAF� cpðamÞ þCF�cpðcrÞ þRAF�cpðraÞ ð5Þ
Above the glass transition, the heat capacity of the MAF
equals liquid cp and heat capacity of the CF solid cp. Because
RAF is assumed to be in the glassy state above glass
transition of the MAF, its heat capacity equals solid cp too.
Equation 5 can be simplified to

cpðbÞ ¼ MAF�cpðliquidÞ þ ðCFþRAFÞ � cpðsolidÞ ð6Þ
or further to

cpðbÞ ¼ MAF�cpðliquidÞ þ ð1-MAFÞ � cpðsolidÞ ð7Þ
Equations 6 and 7 represent a superposition of heat capa-
cities of the liquid and solid fractions of the polymer.
Choosing values between 0 and 1 for MAF and taking
database values for cp(liquid) and cp(solid), certain straight lines
can be constructed between liquid and solid heat capacities.
But which heat capacity superposition or which value for
MAF, respectively, represents the true heat capacity at the

Figure 1. Specific heat capacity of PA6 in the glass transition region: (a)
measured curve for a semicrystalline sample,; (b) solid (cp solid) and
(c) liquid (cp liquid) reference curves from ATHAS database;24

(d) expected specific heat capacity from a 2-phase model using the
crystalline fraction from the heat of crystallization of 0.3; (e) calculated
from a 3-phase model assuming an amount of 0.66 solid material. The
dashed line is the tangent on the measured curve used for conventional
evaluationof the glass transition, see text for discussion.The inset shows
the temperature derivative of the measured specific heat capacity in
J/(g K2) and the Gauss fit to the curve.

Figure 2. Specific heat capacity of PA6 and its nanocomposites during
nonisothermal crystallizationon coolingwith 10K/min from themelt at
250 �C from DSC scan experiments, normalized to the polymer mass
fraction. The inset shows crystallization enthalpies, normalized to the
polymer mass fraction, as a function of filler concentration.
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end of the glass transition? To find out this, the end tem-
perature of glass transition has to be defined first, which is
not without problems because of possible excess contri-
butions to the measured heat capacity.

Therefore, we decided to use the derivative of the mea-
sured heat capacity (inset in Figure 1) to determine the end
temperature TE of the glass transition. The heat capacity at
the glass transition is often well described by a Gaussian
error integral.32 Then the temperature derivative of cp corre-
sponds to aGauss distribution function.Deviations from the
Gauss peak can be used to determine the end of the glass
transition interval. Applying this to Figure 1 yields TE=
72 �C. The heat capacity value at this temperature can be
assumed equal to the heat capacity of the sample with the
entire MAF being in its liquid state. All other contributions,
like reversing melting or a continuous devitrification of the
RAF above Tg, leading to the large slope of the measured
heat capacity above Tg are this way excluded from the
calculation. Assuming the measured specific heat capacity
at TE=72 �C is equal to the value of the sample with the
entire MAF being in its liquid state finally results in line e as
the relevant curve for determination of the parameters at the
glass transition. The expected heat capacity for a 3-phase-
model (curve e), assuming liquid heat capacity for the MAF
and solid heat capacity for CF as well as RAF, is calculated
in analogy to eq 4 by replacing CF by SF. The MAF is, as
indicated in the graph, represented by the difference between
the heat capacity lines for the solid and the 3-phase-model,
the CF by the difference between liquid heat capacity and the
2-phase-model and theRAFby the difference between 2- and
3-phase-model. Now the determined glass transition
temperature is Tg(derivative) = 53 �C and the step height
Δcp(derivative)=0.15 J/(gK), significantly larger as determined
using the commonly chosen tangent above Tg. Calculated
MAF according eq 1 and taking Δcp(am) for the amorphous
sample from theATHAS values of 0.462 J/(gK) at 48 �Cand
0.452 J/(g K) at 53 �C is than 0.26 for the tangents method
and 0.33 for the derivative method. Calculating RAF from
MAF and CF (0.3) one receives 0.44 and 0.37. The error of
MAF and RAF is relatively high because of the described
evaluation difficulties and assumptions regarding heat capa-
city at the end of the glass transition of the MAF. For the
example of pure PA6 an absolute error of about (0.05
for MAF and RAF has to be considered. The error in the
estimation of the baseline heat capacity line for the 3-phase-
model can be therefore assumed to be less than 0.05 J/(gK) at
Tg. Because the same algorithm for data treatment is em-
ployed and the behavior of the different samples regarding
excess heat capacity is similar the relative error for different
filled samples becomes smaller.

As shown in refs 16 and 33, basically the same formalism
can be applied for polymer nanocomposites, taking into
account the filler as an additional solid fraction. In ref 16,
a RAF due to the interaction between the polymer and the
inorganic filler particles was observed. Assuming a similar
situation for the filled semicrystalline polymer two origins
for the RAF must be considered. In this case, RAF is then
always the total RAF, consisting of RAF originated by the
immobilization of the amorphous phase at crystals andRAF
caused by immobilization of the amorphous phase at the
nanofiller surface.

Because of the difficulties regarding determination of Δcp
amethod is needed which is independent of the choice of any
tangents, but provides similar information about the MAF.
Annealing experiments in the glass transition region provide
such an independent way of determination of molecular
mobility, see ref 34 for a review. The annealing causes

enthalpy relaxation toward the equilibrium at and below
Tg. For the evaluation no tangent construction is needed and
consequently some of the difficulties described above can be
avoided.21With annealing experiments, onemakes use of the
time dependence of properties of supercooled polymers
during annealing at constant temperature. Amorphous
materials, which are in a nonequilibrium state, relax toward
equilibrium. The corresponding reduction in specific en-
thalpy for pure amorphous polymers and nanofilled systems
should depend on the mobile amorphous material only. For
the annealing experiments first a metastable semicrystalline
structure was created as described above. Next, the sample
was cooled with 10 K/min to the chosen annealing tempera-
ture near Tg and annealed there for a specific time. The
annealing temperature for the results presented in this work
was 30 �C and the annealing time was 4 h. After cooling at
10 K/min to-20 �C, the heating run to identify the enthalpy
change due to the annealing was carried out at 10 K/min to
150 �C. For calculating the specific enthalpy change during
annealing a baseline is needed. Therefore, the sample was
cooled again with 10 K/min to-20 �C, followed by a second
identical heating scan to 150 �C without annealing. The
typical annealing effect can be seen in Figure 5 in the inset,
lower part, as the additional endothermic contribution at
glass transition, which is not present in the second heating
without annealing. From both curves the excess heat capa-
city can be obtained by using the second heating as baseline
for the heat capacity determination in the Pyris software, see
inset in Figure 5, upper part.

3.2. Rigid Amorphous Fraction in PA/MMT Nanocompo-
sites. First, the influence of organophilically modifiedMMT
on nucleation and crystallization kinetics of PA6 was
checked. Isothermal crystallization experiments for PA6
and its nanocomposites at different annealing temperatures
between melting and glass transition temperature can pro-
vide this information. The high temperature range is acces-
sible by DSC, the lower temperatures only by fast scanning
calorimetry, as described in ref 35. From such large set of
data a crystallization kinetics map could be derived. Amuch
shorter way to get first information about kinetics of nuclea-
tion and crystallization from DSC experiments is non-
isothermal crystallization on cooling from the melt. Diffe-
rences in nucleation kinetics can be seen from differences in
the crystallization onset temperature. Specific heat capa-
cities, normalized to the polymer mass fraction, during
nonisothermal crystallization on cooling of PA6 and its
nanocomposites at 10 K/min are presented in Figure 2.

The onset of crystallization on cooling for the pure PA6 is
196 �C. It decreases successively with increasing filler con-
centration to 180 �C for the highest organophilically modi-
fied MMT content. This remarkable difference leads to the
conclusion, that the presence of modified MMT reduces
crystallization rate. Furthermore, the crystallization enthal-
py, which can be calculated by integrating the crystallization
peaks, shows a decreasing heat release during crystallization
with increasing filler content too. The calculated values for
the crystallization enthalpies are given in the inset of Figure 2
and in Table 1. The retarded crystallization might be caused
by a lag of mobility of the amorphous phase due to interac-
tion with the nanofiller particles at the interface and in the
appearance of a RAF. To validate this hypothesis of lowered
mobility at and nearby the interface, StepScan heat capacity
measurements in the glass transition region were performed
for the differently filled PA6 samples. The result is presented
together with the heat capacity of organophilically modified
MMT in Figure 3.
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The relaxation strength at Tg, Δcp, can be calculated
directly from the curves as described for the pure polymer
above. Comparison of the Δcp values for differently
filled samples requires normalization to the polymer mass
fraction. A direct comparison of the heat capacity curves
additionally needs subtraction of the heat capacity contribu-
tions of the filler. The heat capacity of the nanocomposite
sample (J/K) can be obtained from specific heat capacity
(J/(g K)) by multiplying with the sample mass. Multiplying
the specific heat capacity (J/(g K)) of the filler (organo-
philically modified MMT) by the mass of filler in each
sample yields the heat capacity contribution of the filler.
The difference between the two heat capacities divided by the
polymer mass finally results in the specific heat capacity of
the polymer fraction in the nanocomposite.

The results of this straightforward procedure are not
satisfying because of uncertainties in heat capacity of the
nanocomposites and especially the nanofiller. To measure
the specific heat capacity ofMMT is not an easy task because
of the water adsorbed on the large surface, which is evapo-
rating during the measurement even after carefully drying
the sample in vacuum. As shown in33 a simpler correction
can be applied. First, the specific heat capacity is recalculated
with respect to the polymer fraction by dividing the mea-
sured specific heat capacity by (1 - filler content). Next,
assuming similar specific heat capacities for the possible
RAF originated by the filler, the RAF originated by the
crystals and theMAF below the glass transition in the glassy
state the curves can be aligned to the specific heat capacity
of the PA6 database values below the glass transition by

shifting and rotating. The whole procedure can be applied
because of the nearly linear temperature dependence of the
specific heat capacity of MMT in the temperature region of
interest as shown in Figure 3, dashed line. The results of this
correction procedure are presented in Figure 4.

The peak between -20 and þ35 �C is due to processes in
the nanofiller and occurs only in the samples with the highest
filler contents. Because it does not interfere with the glass
transition we do not discuss it here in more detail. From
the step height at the glass transition, Δcp, the MAF can
be calculated. However, as described above, the tangent
method cannot be used due to large contribution of excess
heat capacity or changing baseline heat capacity above Tg,
e.g., as a result of successive devitrification of RAF. Never-
theless, the individual curves are very similar in the glass
transition region. Taking into account the errors in the cp
measurement of about 5%a constantΔcp can be assumed for
the pure PA6 and all nanocomposites. In this case eq 1 yields
a constant MAF in all samples.

A proof of this assumption can be provided by annealing
experiments at and below Tg. If a fraction of the amorphous
polymer in the nanocomposite is immobilized it is expected
that the enthalpy relaxation below glass transition is reduced
too. Differences in the mobile amorphous fraction which
participates in the glass transition atTg should yield different
specific excess heat capacities and excess enthalpies, respec-
tively. Results of the enthalpy relaxation experiments for
PA6 and its nanocomposites for annealing at 30 �Cfor 4 h are
presented in Figure 5.

For comparison of the differently filled nanocomposites, the
specific excess heat capacities are normalized to the polymer
fraction. Finally the area under the excess specific heat capacity
is determined by integration from13 �C,where cp excess is nearly
zero for all samples, to 120 �C to calculate the specific enthalpy
change Δhannealing during annealing, see Figure 6.

The line at about 1 J/g suggests a constant value, indepen-
dent of filler concentration. The large uncertainties of the
specific enthalpy change are due to the low amount of
polymer in the highly filled samples, which is relaxing during
annealing below Tg and causes the endothermic effect. This
becomes clear from the following estimation: Samples of
about 20 mg were used. For the highest filled sample with
60 wt % filler concentration the remaining polymer mass is
about 8 mg. The mobile amorphous fraction of 0.33 corre-
sponds to less than 3 mg of polymeric material, relaxing at
Tg. This small amount probed during the annealing results in
the large errors.

For calculating CF for each nanocomposite the enthalpy
of fusion is needed, which can be derived by integrating heat
capacity curves of standard DSC scans in the crystallization
or melting region. Enthalpy of fusion for the 100% crystal-
line sample can be calculated as a function of temperature
from ATHAS database values as the difference between the
enthalpies for amorphous and crystalline PA6. In the tem-
perature range of interest this difference is nearly constant

Table 1. Measured Quantities during Glass Transition, Melting and Crystallization, for PA6 and Its Nanocomposites Normalized to Polymer
Mass and Calculated Values for MAF, CF, and RAF According to Eqs 1-3

PA6-0.0 PA6-2.2 PA6-4.4 PA6-6.6 PA6-8.8 PA6-19.2 PA6-26.6 PA6-40

Tg ( 5 (�C) 53.5 51.5 51.5 53.5 51.9 53.7 49.2 49.7
Δcp ( 0.05 (J/(g K)) 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15
Δhmelt ( 5 (J/g) 68 64 67 66 68 66 51 40
Tonset cr ( 2 �C 195 195 194 192 190 188 186 177
Δhcr ( 5 (J/g) 70 67 69 66 70 68 55 43
MAF ( 0.05 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33
CF ( 0.03 0.30 0.29 0.29 0.28 0.29 0.28 0.23 0.18
RAF ( 0.08 0.37 0.38 0.38 0.39 0.38 0.39 0.44 0.49

Figure 3. Specific heat capacity per sample mass of PA6, its nanocom-
posites and organophilically modified MMT in the glass transition
region. Specific heat capacity corresponds to normalization by sample
mass. Lines for amorphous and solid cp of PA6 are taken from the
ATHAS database.24
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and we calculated crystallinity using the mean value in the
temperature interval between 170 and 230 �C Δh0=238 J/g.
We are aware of a small additional uncertainty because we
are not applying the exact method given by Mathot, which
considers the temperature dependence of the heat of fusion
of the infinite crystal.36 For integration a straight baseline by
extrapolating the linear measured heat capacity from the
melt was used in accordance to the method proposed by
Mathot.36 From all melting curves the melting enthalpy,Δh,
and from eq 2 CF, is available and given in Table 1 beside
other parameters.

4. Discussion

Comparing the measured curves at Tg, as presented in
Figure 4, no significant difference between the curves for different

filler concentrations can be revealed. The scatter in the curves
yields an uncertainty of about 0.05 J/(g K) in cp, which can be
considered as the uncertainty of themeasurement. The relaxation
strength normalized to the polymermass is 0.15 J/(gK) and is the
same for all nanocomposites and the pure polymer. If for all
samples basically the same behavior and same relaxation strength
is observed, we obtain at Tg an equal MAF of 0.33 ( 0.1 for all
samples. From this finding one can conclude that crystallization
in the pure PA6 as well as in the nanocomposites proceeds until
mobility in the polymer fraction reaches a certain limit. Indepen-
dent on the cause of the mobility restriction, RAF due to filler or
crystals, crystallization stops if theMAF reaches a value of about
0.33 for all investigated samples.

That the relaxation strength is independent of filler content
can be proved by the amount of relaxing polymer below Tg.
The specific enthalpy change due to enthalpy relaxation was
derived from annealing experiments below Tg. The constant
specific enthalpy change (see Figure 6), independent of filler
concentration, supports the view of a constant amount of
MAF in the pure PA6 and all nanocomposites. Similar results
were obtained for isothermally crystallized poly(ethylene
therephthalate) (PET).37

Considering the values for the crystallization and melting
enthalpies in Table 1, it is observed that the values decrease with
higher nanofiller concentration. According to eq 2 this observa-
tion directly leads to a lower crystalline fraction of the polymer.
In Figure 7 CF is presented as points connected by a decreasing
line as guide for the eyes.

Assuming a 3-phase-model as describedby eq 3 and taking into
account the experimentally obtained MAF and CF results in the
RAF shown in Figure 7. The constantMAF in combination with
the decreasing CF yields an increasing RAF for the higher filled
samples. This can be seen from the RAF values, calculated from
eq 3 and presented as filled diamonds inFigure 7. TheRAFof the
polymeric matrix increases from 0.37 to 0.49 for the highest filled
sample. Such an increase can only be explained by creation of
RAFdue to the fillermaterial. Similar to the results obtainedwith
an amorphous polymer matrix,16 we assume a RAF at the
interface between the polymer matrix and the inorganic filler. It
is the consequence of lower mobility of the polymer chains at the
interface which may have a thickness of a few nanometers as
derived in ref 16. The lower mobility is probably caused by
chemical interaction between the polymer matrix and the filler at
the interface and geometrical constraints like a parallel arrange-
ment of the polymer chains close to the silicate surface.

Figure 4. Specific heat capacity per polymer mass of PA6 and its
nanocomposites with organophilically modified MMT from StepScan
DSC in the glass transition region. Specific heat capacity corresponds to
normalizationbypolymermass. The lines for amorphous and solid cp of
PA6 are taken from the ATHAS database.24

Figure 5. Specific excess heat capacity, cp excess, per polymermass in the
glass transition region from annealing experiments at 30 �C for 4 h for
PA6 and its nanocomposites. The inset shows the measured heat flow
rates after annealing and without annealing fromDSC scan experiment
at 10K/min (lower part) and the calculated specific excess heat capacity
in J/kgpolymer for PA6- 6.6 (upper part).

Figure 6. Specific enthalpy change Δhannealing in J/gpolymer during an-
nealing for 4 h at 30 �C as a function of filler concentration.
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For semicrystalline polymer nanocomposites, one has to
assume two different portions of RAF, one originated by the
crystals and the second by the filler. According to ref 16, the RAF
due to the fillers (RAFfi) is stable to high temperatures, up to
degradation temperature of PMMA in PMMA/SiO2 nanocom-
posites. Assuming a similar stability of the RAFfi for the PA6/
MMT nanocomposites, it seems to be reasonable to calculate
RAFfi in themelt at 250 �Cdirectly from eq 3, taking into account
missing CF and considering a superposition of heat capacities of
MAF andRAFfi only. Unfortunately, the heat capacities of solid
and liquid PA6 at such high temperatures differ only for about
0.12 J/(g K). Considering the minimum uncertainty from exactly
done heat capacitymeasurements of about 2% (0.06 J/(gK)), this
method is not reliable because the changes in heat capacity caused
by a RAFfi are much too small.

In order to estimate the partition of the RAF between crystals
and inorganic filler we assume a constant ratio between RAFcr

and the crystalline fraction.As longas the crystallinemorphology
is the same for the pure PA6 and the nanocomposites this
assumption is justified. As shown in Figure 9 lamellar crystals
are formed for the nanocomposites too and the assumption is
justified. For the pure polyamide the ratio between RAFcr and
CF is about 1.2. The rigid amorphous fraction immobilized
around the crystals is therefore always larger than the crystalline
fraction.Keeping this ratio for the highest filled sample whereCF
is about 0.18 the RAFcr comes to about 0.22. Taking a constant
MAF of 0.33 into account the RAFfi is estimated as 0.27. The
analogously calculated values for RAFcr and RAFfi for all
nanocomposites are shown in Figure 7 as open triangles up and
down, respectively. For the highly filled samples, a remarkable
amount of the amorphous material of the polymer phase is
immobilized and should change the dynamic behavior of the
polymer phase significantly.

A process, which strongly depends on the mobility of the
polymer chains, is crystallization. Nucleation, diffusion of crys-
tallizable chain segments, parallel alignment, and attachment to
the crystal growth front are only possible, if certain mobility is
present. Rigid amorphous parts suppress this mobility and, as
shown for pure polycarbonate in,38 the crystallization process
stops due to mobility restrictions of the amorphous material.
Similar mobility restrictions can be assumed in the RAF caused

by the nanofiller. For the nanocomposite with the highest filler
concentration only 73% of the total polymer is mobile above
glass transition where crystallization can appear because of
RAFfi. It seems reasonable to expect an influence of RAFfi on
the crystallizationprocess and finally on crystallinity. The crystal-
lization behavior of PA6 and its nanocomposites on nonisother-
mal cooling is shown in Figure 2. From the shift of the onset
temperature and the maximum temperature of the exothermic
peaks toward lower temperatures, presented in Figure 8, a
retarded crystallization behavior is observed.

The constant difference between onset temperature (Tcronset)
and temperature ofmaximumexothermic effect (Tmaxexo) implies
a retarded nucleation followed by a similar crystal growth in all
nanocomposites investigated. The constant width of the exother-
mic effect on cooling supports this view. The retarded onset of
crystallization indicates the presence of rigid amorphousmaterial
around the filler already in the temperature range of crystal-
lization above 160 �C. This temperature is above any expected
glass transition temperature in semicrystalline PA6.According to
ref 39, the highest glass transition temperature caused by weak
van der Waals interactions of chain segments is the glass transi-
tion temperature of the crystals,which is below150 �C.The origin
of the RAFfi must therefore be different. Most probably it is
caused by the formation of a much stronger interactions of the
polymer with the filler surface. Earlier studies on amorphous
polymer/inorganic nanocomposites (PMMA/silica), where RAF
can be caused only by the nanofiller, have shown an unexpected
high Tg too. The Tg was so high that it was not detected by DSC
because of degradation of the polymer before devitrification of
the RAFfi.

16

Transmission electron microscope pictures, of which one
example is shown in Figure 9, support the existence of a
noncrystallizable, rigid amorphous polymer layer around the
filler particles. In the micrograph the nanofiller can be seen as
black inclusions into the light gray semicrystalline polymer
matrix. Crystalline lamellae penetrating the whole polymer
matrix can also be observed. Looking in detail to the surrounding
of the nanoparticles one recognizes just at the interface between
nanofiller and polymer no crystalline lamellae in the polymer
matrix, indicated by thewhite arrow. Lamellae are present only in
a distance of about 10 nm from the nanofiller particles. It seems
the growing lamellae avoid the space near the nanofiller particle
as seen in Figure 9. These observations strongly support the
existence of a less mobile region around the nanofillers, where
lamellae growth can not proceed.

Figure 8. Crystallizationonset temperature (Tcr onset9), temperature of
maximum exothermal effect (Tmax exo f) and crystallinity of the
polymer fraction as a function of nanofiller concentration.Figure 7. Mobile amorphous fraction (MAF, f), crystalline fraction

(CF, b), total rigid amorphous fraction (RAF, [), rigid amorphous
fraction caused by the crystals (RAFcr, 4), and rigid amorphous
fraction caused by the filler (RAFfi, 3) as a function of MMT
concentration. The fractions are given as fraction of the polymer phase
in the nanocomposites.
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5. Summary

For polyamide 6/layered silicate nanocomposites a constant
remaining mobile amorphous fraction was observed by heat
capacity measurements at the glass transition after completed
crystallization to a metastable semicrystalline structure. The
mobile amorphous fraction was determined by two independent
methods:

(i) analyzing the relaxation strength, Δcp, at Tg;
(ii) enthalpy relaxation from annealing experiments

below Tg.

Two different parts of RAF have to be considered by analyzing
the heat capacity of semicrystalline nanocomposites, one immobili-
zedat the interfacebetween crystallites andamorphouspolymer and
the other at the interface between nanoparticles and the polymer.

The RAF caused by the polymer crystals in PA6 is established at
orbelow the crystallization temperature.WhenRAFfi, causedby the
nanofiller, is created is not known yet. It may appear just after melt
mixing the nanofiller with the polymer or on cooling from the melt.
Properties of RAFfi strongly depend on the temperature of crea-
tion.40Therefore, ananswer to thisquestion isneededbutnot easy to
get. Another open question is related to the organic modifier of the
nanofiller.We assume a strong interaction between the polymer and
the filler particles, as it was shown for unmodified particles in ref 16,
but here it may be the interaction with the organic modifier.

On cooling, crystallization temperature and crystallinity of the
polymer phase decreases with increasing filler content. The
immobilized layer, RAFfi, around the filler particles and possibly
the geometrical constrains caused by the filler particles itself
hinder crystallization too. In the studied PA nanocomposites
crystallization is retarded and the nanoparticles do not act as
nucleating agent. These observations are consistently explained
by an immobilized, rigid amorphous fraction around the nano-
particles. Furthermore, crystallization in the pure PA6 as well as
in the nanocomposites proceeds as long as certain mobility in the
polymer fraction is present. This finding is supported by the
constantMAF in the polymer fraction observed for all samples at
the end of crystallization.
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Figure 9. Transmission electron microscopy (TEM) picture of
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