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ABSTRACT: The objective of this work was to study the
interactions between polyamide-6,6 (PA-6,6) and hyper-
branched (HB) polyamide with different functional end
groups. The investigation focused on the thermal, dielectric,
and viscoelastic properties of two kinds of HB polyamides,
with amine and alkyl end groups, prepared by a one-pot
process, in a polyamide-6,6 matrix. Thermal analysis (by
TGA and DSC) allowed us to observe decomposition and
glass-transition temperatures of these polymers. The melting
point, crystallization temperature, and crystallinity ratio re-
mained practically independent of HB content. Dielectric
relaxation spectroscopy (DRS) showed two secondary relax-
ation (y and B) and one primary («) relaxation in the HB
polymers and in the blends similar to those observed in

polyamide-6,6 with comparable activation energies and dis-
tribution parameters. An increase of the glass-transition
temperature was observed, showing a reinforcement of the
polymer matrix and a decrease of the molecular mobility of
the polyamide chains when the percentage of amine-termi-
nated HB polyamide increased in the matrix. DRS results
found on the alkyl-terminated HB polymer blend were in-
distinct from those of the polyamide-6,6 matrix. Viscoelastic
experiments confirmed the results observed in DRS. © 2005
Wiley Periodicals, Inc. ] Appl Polym Sci 97: 1522-1537, 2005
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INTRODUCTION

Hyperbranched polymers are new materials resulting
from macromolecular synthesis and have lately been
part of one of the most interesting fields in polymer
science; they have an exceptional molecular architec-
ture (ramified structure), which confers very particu-
lar properties compared to those of similar linear poly-
mers, such as viscosity, melting point, and reactivity.
Dozens of patents have recently been filed on the
synthesis of dendritic polymers of varying chemis-
tries. However, the exploitation of dendritic polymer
technology is still undeveloped because of the limited
availability and the expensive synthesis of these ma-
terials. Therefore the development of hyperbranched
polymers seems to have a better industrial future than
that of dendrimer molecules because they are less
expensive to produce and have a wider range of ap-
plications.

In addition, the large number of terminal functional
groups contained in these molecules control the prop-
erties of the resulting polymers such as solubility and
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reactivity.'”® Hyperbranched polymers are often syn-
thesized by a one-pot polymerization of AB,-type
monomers; this process consists of an activation of
carboxyl groups as well as a condensation with an AB,
monomer, finally attaining a highly irregular struc-
ture.>® These polymers are composed of terminal, lin-
ear, and dendritic units that are distinguished by the
number of unreacted functional groups in the unit.'’
The degree of branching (DB) is largely used as a
parameter to indicate the architecture of hyper-
branched polymers'® and is defined as DB = (D +
T)/(D + T + L), where D is the number of dendritic
units, T is the number of terminal units, and L is the
number of linear units. Frey et al.” reported that the
one-pot polymerization of AB,-type monomers statis-
tically gives a degree of branching of 0.5 when the
reactivity of functional groups in each unit is identi-
cal 71112

Aromatic polyamides have been well established as
high-performance polymers because of their excellent
thermal, mechanical, and chemical properties. Hyper-
branched macromolecules are renowned to have a
higher solubility and a lower viscosity by an order of
magnitude than those of their linear analogues.'*'*1°
This low viscosity derives from the spherical shapes of
these polymers that make them less likely to be entan-
gled.
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Hyperbranched polyamides have been reported solu-
ble in organic solvents, even if the rigidity of the main
chains of their linear analogues prevents the latter from
being soluble.'” The investigation of glass-transition tem-
perature (T,) in hyperbranched polymers has correlated
T, with the number of monomer units, number of chain
ends, molecular weight, and chain-end composition.'®™*#
Generally, the variation of T, with molecular weight
correlates well with theoretical predictions, although the
value of T, is substantially affected by the nature of the
chain ends and internal monomer units." Finally, the
specificity of hyperbranched molecules is to have a high
density of function per molecule compared to that of
linear polymers.

Studies on hyperbranched polymer/thermoplastic
blends have been limited to miscible and /or nonreactive
systems.”” > However, no studies have directly been
intended for assessing the use of dendritic polymers as
components in a polymer blend with a controlled mor-
phology designed to improve the mechanical perfor-
mance. The functional terminal groups are numerous on
these molecules, thus making them good candidates for
reactively compatibilized blends, in which coreactive
moieties on the dendritic polymer and matrix polymer
would form compatibilizers in their usual place during
processing. These compatibilizers act to reduce the inter-
facial tension in a multiphase blend, > to increase the
interfacial adhesion, and to stabilize the dispersion
against coarsening during processing or subsequent
forming operations, and generally enhance blend forma-
tion. In addition, the low melting viscosity in the den-
dritic polymers confers an advantage that may counter-
balance the increase in viscosity that is often encountered
during reactive blending as a result of copolymer forma-
tion and the associated molecular weight buildup.?*~®
Thus, the dendritic polymers properties are likely to
modify the rheological behavior of the matrix in which
these hyperbranched molecules are blended so they are
an ideal choice for thermoplastic blend modifiers be-
cause they can improve both properties and processabil-
ity. This work is mostly aimed at investigating the incor-
poration of hyperbranched polymers into a thermoplas-
tic system. Studies have focused on the thermal
viscoelastic and electrical properties of these polymers.

Dielectric relaxation spectroscopy (DRS) investi-
gates and explains different relaxation processes (a-,
B-, and +y-relaxations) of hyperbranched and dendritic
polymers. For example, dielectric spectroscopy on hy-
perbranched polyesters, with the same backbone but
different terminal groups, allows determination of
glass transitions (a-relaxation) that match with those
obtained in DSC measurements and dynamic mechan-
ical analyses.” This spectroscopy also distinguishes
different 8- and +y-relaxation processes for the terminal
ester and hydroxyl groups. Thus, Zhu et al.* studied
the dielectric relaxations in a hyperbranched polyester
with terminal hydroxyl groups and reported an effect
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of generation number. Stuhn et al.*'* applied dielec-

tric spectroscopy on carbosilane dendrimers with flex-
ible perfluorinated and mesogenic end groups to
study the possible smectic and nematic state and the
transitions of these highly flexible dendritic molecules.
Emran et al®® also presented an example for ester-
terminated, amide-based dendrimers, in addition to
the dielectrical analyzed carbosilane dendrimers. The
relaxation rate dependency of the glass transition of
these polymers was characterized by the VFT (verifi-
cation front-end tool) formalism.>*>® These hyper-
branched polymers show a secondary relaxation with
an Arrhenius-type temperature dependency. Dantras
et al.*’ studied the B-relaxation in phosphorus-con-
taining dendrimers using thermally stimulated cur-
rent (TSC) and broadband dielectric spectroscopy,
with the aim of analyzing the molecular mobility evo-
lution upon increasing generation. In summary, the
application of DRS on hyperbranched polyamide can
foster a better understanding of molecular dynamics.

Properties of polyamide-6,6 are well known in the
literature and detailed information can be found in
McCrum et al.*® and Hedvig et al.* More recently,
Steeman and Maurer®® compared the dielectric prop-
erties of polyamide-4,6 with the dynamic dielectric
properties of commercial polyamide-6,6. Havriliak et
al.*' were also interested in the dielectric and mechan-
ical relaxation of polyamides, among other polymers.
Kremer and Schénhals* give a review of articles on
dielectric analysis of polyamides in their book. Gener-
ally, three polarization mechanisms related to molec-
ular motions are observed.

1. At lower temperatures (between —140 and
—100°C) a weak polarization mechanism is
found, attributed to local motion of chain seg-
ments, mainly alkyl segments, located between
the interchain hydrogen bonds.

2. Close to —50°C a polarization mechanism, re-
lated to a mechanism of rotation of the amide
bonds together with water molecules that are
bonded to them, is observed. The principal re-
laxation is observed at higher temperatures (50—
70°C).

3. Above this relaxation and at higher tempera-
tures, materials (such as polyamide-6,6) become
electrically conductive and show a sharp in-
crease in dielectric constant,*® which is thought
to be attributed to an interfacial [or Maxwell-
Wagner-Sillars (MWS)] polarization process as
a result of trapping of free-charge carriers at
boundaries between crystalline and amorphous
phases. The addition of hyperbranched poly-
amide with different terminations in a matrix
with different polarity may affect this interfacial
polarization, which can be detected by DRS.
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EXPERIMENTAL
Materials

This work contains a study of hyperbranched poly-
amides prepared by a “one-pot” polymerization. De-
tails of synthesis of these polymers are described else-
where.*** Two types of chain ends are considered: (1)
amine, polymer A or aliphatic end groups (Cy); (2)
polymer B [see Fig. 1(a) and (b)]. In the case of the
amine-terminated hyperbranched polymers [see Fig.
1(a)], the molar proportion of the different constitu-
ents are as follows: 1 mol of tris(amino 2 ethyl)amine
N {[(CH,),NH,];} as the core molecule, 6 mol of cap-
rolactam as spacing unit, and 6 mol of 3,5-diamino-
benzoic acid as branching unit; no chain terminator is
used. In the case of the alkyl-terminated hyper-
branched polymers [see Fig. 1(b)], the molar propor-
tion of the different constituents are 1 mol of trimesic
acid as the core molecule, 6 mol of amino-isophthalic
acid as branching unit, 6 mol of caprolactam spacing
unit, and, in this case, a chain terminator is used (i.e.,
9 mol of hexadecylamine).

Pellets of polyamide-6,6 and its blends, prepared by
twin-screw extrusion, with hyperbranched aromatic
polyamide were provided by Rhodia Research Center
(CRL) in Lyon, France. Dielectric analyses require the
processing of homogeneous films, so polyamide pel-
lets were pressed at 300°C between two Teflon sheets.
Films having a thickness of nearly 150 um were ob-
tained. Two kinds of blends were investigated: the
polyamide-6,6 blended with amine-terminated HB
and the polyamide-6,6 blended with alkyl-terminated
HB with different percentages. The following blends
were investigated:

+ C: Polyamide-6,6 (reference)

« D: Polyamide-6,6 with 2% of amine-terminated

hyperbranched aromatic polyamide

E: Polyamide-6,6 with 5% of amine-terminated

hyperbranched aromatic polyamide

« F: Polyamide-6,6 with 5% of alkyl-terminated hy-
perbranched aromatic polyamide

+ G: Polyamide-6,6 with 10% of alkyl-terminated
hyperbranched aromatic polyamide

Molecular weights were measured by gel perme-
ation chromatography (GPC) in N,N’-dimethylacet-
amide. A small amount of LiBr was added to the
solution to promote the breaking of hydrogen bonds.
The calibration was done using polystyrene references
and thus the weight-average molecular mass (M,,)
given are polystyrene-equivalent values: M, values
for pure hyperbranched polymers are 9500 g/mol for
polymer A (amine-terminated hyperbranched poly-
mer) and 7750 g/mol for polymer B (aliphatic-termi-
nated hyperbranched polymer). The average molecu-
lar weight of polyamide-6,6 used for the blends mea-
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sured by the same method (polystyrene references)
give the following values: M, = 43,000 g/mol; M,, =
75,750 g/mol; M, = 114,250 g/mol. It can thus be seen
that the pure hyperbranched polymers are character-
istically small molecules compared to polyamide-6,6.
However, they are more compact than PA-6,6 but they
are probably three times heavier than a linear PA-6,6
with an equivalent steric hindrance.

Measurements

DSC was carried out by use of a DSC 2920 apparatus
(TA Instruments, New Castle, DE), at a heating rate of
10°C/min under a flow of helium. Samples under
investigation were pellets and weighed approximately
10-15 mg. The crystallinity was calculated using the
AH., value of polyamide-6,6 (255.8 J/g)* and the
amount of hyperbranched polymer in the blends was
taken into account. Glass-transition temperatures
were measured at the midpoint and during the second
run. Step-scan measurements were carried out on a
Pyris-1 modulated DSC apparatus (Perkin—Elmer Ce-
tus Instruments, Norwalk, CT). The powder was in-
troduced to an aluminum pan with a pinhole. Mea-
surement conditions were as follows: isotherm step
time = 30 s, anisotherm scan time = 30 s, anisotherm
scan rate: 4 K/mn, and sample weight = 10 mg.

Thermogravimetric analysis (TGA) was performed
with a TA Instruments TGA 2950 instrument, at a
heating rate of 10°C/min under helium flow for sam-
ples of about 10 mg. Infrared (FTIR) spectra were
recorded on a Perkin—Elmer 1760X instrument, either
in the powder form (KBr discs) or as films (PA-6,6 or
blends), using ATR accessory (KRS-5 crystal). Dielec-
tric measurements were recorded using a Novocontrol
dielectric spectrometer (Novocontrol GmbH, Hund-
sangen, Germany) covering a large domain of fre-
quency (10~! to 10° Hz; thus 22 frequencies in total,
constituting three frequencies per decade). Experi-
ments were carried out between —140 and 220°C and
samples were dried before analysis for 2 h in situ at
110°C. Dielectric spectra were recorded isothermally
during a frequency scan performed every 3°C. Hyper-
branched molecules (polymers A and B) were avail-
able as powders. It was not possible to produce films
with these powders because they were brittle and
difficult to handle. However, it was possible to di-
rectly study the powder in a specially designed cell for
powder. Thus, the powder was kept between two
specific electrodes (23 mm in diameter) with a 40-um
silica spacer. For data analysis, curves were fitted us-
ing a single Havriliak-Negami*” (H.N.) function with
no additional conductivity term for the secondary re-
laxations but subtracting the conductivity term for the
a-relaxation.

In the frequency domain, the H.N. equation is ex-
pressed as follows:
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Figure 1 Structures of the amine-terminated (a) and the alkyl-terminated (b) hyperbranched (HB) aromatic polyamides
prepared by a one-pot polymerization.
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where g, is the unrelaxed permittivity, ¢, is the relaxed
permittivity, w is the angular frequency, 7y is the
relaxation time, and oy and By are the Havriliak—
Negami distribution parameters.

To understand the molecular behavior of polar ma-
terials more fully, it is interesting to use the complex
dielectric modulus formalism. The complex dielectric
modulus is defined as follows: M* = M’ + iM" = 1/¢%,
where M’ = &'/(¢'* + &%) and M" = &"/(s'* + &").

Dynamic mechanical analyses were performed us-
ing a DMA 2980 spectrometer (TA Instruments),
which is used to determine storage modulus E’, loss
modulus E”, and tan & (=E"/E’) in a temperature
range from —150 to 220°C. All measurements were
carried out between 1 and 50 Hz but only measure-
ments at 10 Hz are presented in this work using iso-
therms every 3°C. Samples were dried before analysis
at 110°C for 2 h in situ.

RESULTS AND DISCUSSION

Amine-terminated hyperbranched polymer
(polymer A)

The TGA thermogram (see Fig. 2, thin line) shows the
departure of an unknown compound, which is prob-
ably water, while heating (mass loss of 4.8%) between
50 and 100°C. This water release is found in the first

DSC run (endothermic peak). The decomposition tem-
perature of this polymer starts at 220°C. The second
DSC run shows a glass transition at 104°C [see Fig.
3(a)]. Modulated DSC enabled separation of the glass-
transition temperature and this endothermic peak re-
sulting from release of water during the first run.
Figure 4 shows the modulated heat flow and the de-
convoluted baseline heat capacity. Glass transition
was clearly apparent near 70°C. Global evolution of
the heat flow in the range 50-150°C was endothermic,
probably related to the water loss process.

Several dielectric experiments were carried out on a
polymer A powder, as shown in Figure 5. The first run
corresponds to heating between —140 and 220°C on an
“as-received” powder and it shows, at 1 kHz, three
relaxations comparable to those found in the poly-
amide-6,6>: a secondary relaxation, vy, attributed to
the local chain movements at —90°C, is observed as
well as another secondary relaxation, 3, linked to the
hydrogen-bond-type interactions between amide
functions and water molecules at —30°C. The ampli-
tude and the position of these relaxations are depen-
dent on the polymer water content (e.g., the B-relax-
ation amplitude increases with increasing water con-
tent); this is clearly shown between the first and the
second dielectric run because the polymer is drier
during the second run than during the first run, which
corresponds to heating again from —140 to 220°C. The
principal relaxation «, associated with the glass tran-
sition of the polymer, is observed at 135°C (tan & at 1
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Figure 3 DSC thermograms of the HB amine-terminated (a) and alkyl-terminated (b) polyamides.

kHz) or can be seen at 150°C (dielectric modulus at 1
kHz) in Figure 6 on a dry sample. These results are in
good agreement with the T, value measured by DSC
(104°C). At higher temperatures, an ionic relaxation
linked to conduction and strongly frequency depen-
dent was found, as can be seen in Figure 5 for 100 kHz.
In addition, at 80°C a peak, which looks “independent
of the frequency,” is also shown in Figure 5. In fact,
this frequency independence can be explained by the
fact that the material is evolving with temperature and
some water is released when the sample is heated in
the dielectric cell, so in fact this water had “plastified”
the system. This peak disappears in the second run
and does not reappear significantly if the powder was
humidified. This is not surprising because the T, is

higher than room temperature; so, because the system
is in the glassy state, the water uptake is less likely to
occur. This confirms the observations by DSC and the
morphology modifications observed in the literature:
even if the system does not recover the same water
content that it had when it was “as received,” the
hypothesis that the unknown compound released in
water is highly plausible.

Table I reports the positions of observed relaxations,
their associated activation energies, and H.N. parame-
ters (except for the a-relaxation, which was difficult to fit
because it was convoluted with strong conduction). Ac-
tivation energies were calculated under the assumption
that secondary relaxations are associated with local
movements using an Arrhenius-type equation:
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Figure 6 represents an example of the H.N. fit ob-
tained for 8- and +y-relaxations. A good agreement can
be observed between the experimental and fitted
curves. The low values of activation energies found
confirm that the corresponding relaxations are associ-
ated with local movements. As can be seen in Table I,
B parameters are close to 1, which shows that the

two secondary relaxations (8 and vy) have a Cole-Cole-
type behavior (B ~ 1), which is characteristic of the

fuax = f exp [

symmetry of these dielectric relaxation peaks for the
polymer A. It can be observed that the y-relaxation has
an even better symmetry than that of the B-relaxation.
The increase of oy parameters for the B-relaxation
from 0.3 to 0.5, compared to those of the y-relaxations
(0.2 to 0.3), can be explained by the fact that y-relax-
ations give rise to more heterogeneous dipole motions
than the B-relaxations. Agyy parameters are globally
higher for the p-relaxation than for the y-relaxation in
polymer A. Agyy is linked to the amplitude of the
dielectric relaxation, and thus more dipoles are partic-
ipating in the B-relaxation than in the y-relaxation.
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TABLE I
Positions of Maximum of tan 6 at 1 kHz (+1°C), Activation Energies (+5 kJ/mol), and Havriliak-Negami (HN) oy
and Byy Parameters of Secondary Relaxations in Polymer A Measured Between —30 and +30°C for the B-Relaxation
and Between —110 and 70°C for the y-Relaxation

Polymer A E, (Temperature) QN Brun THN® Aepn®
B-relaxation 55 kJ/mol (—30°C) 0.3-0.5 0.74-1 1.62 X 107° 0.21
y-relaxation 31 kJ/mol (—90°C) 0.2-0.3 0.98-1 57 x10°° 0.18

? Ty (in s) and Agpyy are given at —95 and 0°C, respectively.

Alkyl-terminated hyperbranched polymer
(polymer B)

Measurements by TGA reveal a much lower weight
loss (0.5%) than that previously observed between 50
and 120°C, relative to the absence, in the chain ends, of
amine groups in interaction with water molecules (see
Fig. 2, thick line). This means that the presence of
water scarcely affects these polymer properties. The
decomposition of this polymer is observed from
330°C. The DSC thermogram, shown in Figure 3(b),
exhibits at —4°C, while heating, a melting of orga-
nized regions of terminal alkyl chains. Glass transition
is not detected in the observed temperature domain.

Dielectric runs, carried out on polymer B (see Fig. 7),
show the same relaxations but with a shape that is
slightly different from that observed in polyamide-6,6
and in polymer A, that is, vy, 8, and « (120°C at 1 kHz,
complex dielectric modulus maximum), with an addi-
tional ionic relaxation at higher temperature, and con-
firm the TGA results as well as polymer independency
on water content, which was not the case for polymer A.

After curve-fitting by a Havriliak-Negami-type
equation (see an example of obtained fits in Fig. 6),

activation energies were calculated using an Arrhe-
nius-type equation. Table II details the positions of
observed relaxations, their associated activation ener-
gies, and their H.N. parameters (except for the a-re-
laxation, which was difficult to fit because it was con-
voluted with strong conduction). The low values of
activation energies found confirm that the correspond-
ing relaxations are associated with local movements.
As can be seen in Table II, B parameters are close to
1, which shows that the two secondary relaxations (8
and ) have a Cole—Cole-type behavior (8 ~ 1), which
is characteristic of the symmetry of these dielectric
relaxation peaks and is similar to the behavior of
polymer A. Again, it can be observed that the y-relax-
ation has a better symmetry than that of B-relaxation
because this latter relaxation is more strongly influ-
enced by the a-relaxation. The slight increase of ayy
parameters for the B-relaxation from 0.3 to 0.5, com-
pared to those of the y-relaxations (0.3 to 0.4), can be
explained by the fact that y-relaxations generate
slightly more heterogeneous dipole motions than the
B-relaxations (as in the case of polymer A). Agyy
parameters are globally higher for the B-relaxation
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Figure 7 First (—) and second (®) dielectric runs, Modulus versus frequency of the alkyl-terminated HB (polymer B) at 1

kHz.
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TABLE 1I
Positions of Maximum of tan 6 at 1 kHz (+1°C), Activation Energies (+5 kJ/mol), and Havriliak-Negami (HN) oy
and By Parameters of Secondary Relaxations in Polymer B Measured Between —30 and +30°C for the B-Relaxation
and Between —110 and 70°C for the y-Relaxation

Polymer B E, (Temperature) gy Bun THN® Agpn®
B-relaxation 50 kJ/mol (0°C) 0.32-0.48 0.87-1 49 x10°° 0.11
y-relaxation 25 kJ/mol (—120°C) 0.3-0.42 0.94-1 9.35 X 1077 0.021

? Ty (in s) and Agpyy are given at —95 and 0°C, respectively.

than for the y-relaxation in polymer B, as in the case of
polymer B for the same reasons.

Blends of polyamide-6,6 with hyperbranched
molecules

Polyamide-6,6 containing amine-terminated
polymers (C, D, and E)

DSC measurements were performed on dried films at
10°C/min. Results can be found in Table III and show
that the glass-transition temperature shifts to higher
values when the percentage of hyperbranched poly-
amide increases in the blend, a phenomenon attrib-
uted to the higher T, of hyperbranched polyamide
(104°C) compared to the T, of polyamide-6,6, which is
around 52°C. It was verified that the T, for the blend
follows Fox’s law [1/T, (blend) = 1/T, (PA-6,6) +
1/ Tg (HB amine terminated)]. This confirms that the
amine-terminated hyperbranched polyamide is misci-
ble into polyamide-6,6 (only one T, was observed for
the 2 and 5% blends). Moreover, TEM observations
did not show any phase separation (see Fig. 8). The
addition of this hyperbranched polyamide to the poly-
amide matrix does not seem to have any significant
effect on the polyamide crystallinity ratio apart from
slightly decreasing its value.

Dielectric relaxation studies on dried polyamide
(polymer C) confirm the existence of all polyamide
relaxations described in the literature.?® At 1 kHz, the
a-relaxation, with respect to T,, is observed at about
100°C; the secondary relaxation B, attributed to hydro-
gen-type interactions between amide groups and wa-
ter molecules, is located at —10°C; and the y-relaxation

TABLE III
DSC Data on Pellets Obtained During the Second Run
for Polymers C, D, E, F, and G

Parameter C D E F G
T, 263 260 260 262 262
AH,, (x2]/g) 74 68 68 65 62
T. 233 229 228 234 234
T, midpoint

(£2°C) 60 59 65 58 58
0/0 Of

crystallinity 28.7% 28% 295%  26.7%  26.8%

is observed at —90°C. This relaxation is related to local
chain movements. Finally, another relaxation is also
observed at higher temperatures (at about 130°C) and
can be related to the ionic conduction relaxation
present in this temperature range.

For nondried polyamide, dielectric measurements
reveal that the primary relaxation is 40°C lower than
previous results, thus confirming the plasticizing ef-
fect of water. The B-relaxation is also more intense,
with respect to the presence of water. The decrease of
the real part of the complex modulus M’ can be seen in
Figure 9, which also reflects the same behavior.

Knowing the great similarity between the hyper-
branched structure and the polyamide matrix, it is not
obvious to detect the dielectric signal coming from the
hyperbranched polymers in the blend, the quantity of

Figure 8 TEM micrograph of ultrathin sections of polymer
D using OsO, staining technique.
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Figure 9 DRS results showing dielectric modulus versus temperature at 1 kHz for the polyamide-6,6 reference (polymer C)
(M) and the blends with HB amine terminated (2%): D (A) and (5%) E (—).

which was very small as well (2 and 5%). Therefore, as
expected, the dielectric observations on polyamide
blends (polymers D and E) do not show a multiplicity
of peaks suitable to each blend entity. As in pure
polyamide, three relaxation phenomena are observed,
with some slight changes on the temperature position
of the relaxations (no more than 5°C). These relax-
ations are shown in Figure 9. Table IV compares, at 1
kHz, the temperature peak positions for the three
samples under investigation.

The increase of the a-relaxation temperature can be
explained by a decrease in the amorphous-phase molec-
ular mobility related to the addition of the amine-termi-
nated hyperbranched polyamide, which can in turn
hinder the motion of the main chains and develop some
new interactions arising, for example, from hydrogen
bonding. Finally, T, values, which are more precisely
obtained from dielectric measurements, confirm the ten-
dency observed with the evolution of glass-transition
values obtained from DSC measurements.

TABLE 1V
DRS Results from Polymer Blends C, D, and E*
Relaxation E, (Temperature) N Bun THN Aepn
Polymer C
a — (100°C) — — — —
B 73 kJ/mol (10°C) 0.28-0.45 0.90-1 3.57 x 107* 0.53
b 35 kJ/mol (—90°C) 0.22-0.35 0.98-1 2.55 X 107* 0.28
Polymer D
a — (105°C) — — — —
B 73 kJ/mol (10°C) 0.30-0.55 0.88-1 7.69 X 107> 0.76
b 30 kJ/mol (—90°C) 0.25-0.35 0.99-1 283X 107° 0.14
Polymer E
a — (109°C) — — — —
B 75 kJ/mol (10°C) 0.33-0.60 0.85-1 6.86 X 1072 0.78
v 26 kJ/mol (—85°C) 0.25-0.35 0.97-1 216 X 107° 0.14

@ Temperature positions of the relaxations at 1 kHz (£1°C), activation energies (=5 kJ/mol), and HN parameters over the
range of temperature where each relaxation occurs, that is: 8, —30 to 30°C and vy, —110 to 60°C. 7y (in s) and Agyyy are given

at —95 and 0°C, respectively.
—, not measurable.
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In conclusion, from the study of secondary relax-
ations, it is difficult to confirm any influence of this
hyperbranched additive in the polyamide blend be-
cause the relaxation peaks are strongly convoluted.
This is confirmed by the analysis of relaxation activa-
tion energies that vary only slightly. Table IV summa-
rizes the value of activation energies (E,) and the H.N.
parameters for polymers C, D, and E (except for the
a-relaxation, which was difficult to fit because it was
convoluted with strong conduction). The E, values are
characteristic of local motions, as expected, but the
values found for the B-relaxation are slightly higher
than those found for the y-relaxation.

As can be seen from Table 1V, first the By param-
eter is close to 1, meaning that the two secondary
relaxations (B and ) have a Cole—Cole-type behavior
(B =~ 1), which is characteristic of the symmetry of
these dielectric relaxation peaks and is similar to the
behavior of polymers A and B. Again, it can be ob-
served that the y-relaxation has a better symmetry
than that of the B-relaxation.

Second, mainly for the B-relaxation but slightly true
for the y-relaxation, the o;y; parameter increases with
temperature, which means that the breadth of the
distribution of relaxation times or the cooperativity
decreases with temperature, which was the case for
polymers A and B and is also true for polymers C, D,
and E. Thus the motions of the dipoles associated with
this relaxation process are more homogeneous. The
increase of oy parameters for the B-relaxation from
0.3 to 0.6, compared to those of the y-relaxations (0.2 to
0.3), can be explained by the fact that y-relaxations
generate more heterogeneous dipole motions than the
B-relaxations (as in the case of polymers A and B).
When comparing the oy parameters of polymer C
(polyamide-6,6 reference) with those of the HB blends
(D and E), it can be observed that the range of values
for B- and vy-relaxations is slightly higher, which indi-
cates a decrease of the cooperativity of the motions
and which means that the dipole motions associated
with these two relaxation processes are more homo-
geneous for polymers D and E than those for the
polyamide-6,6 reference. This fact again supports the
idea of a decrease of molecular mobility in the blends
induced by the introduction of hyperbranched poly-
mers in the polyamide matrix.

Polyamide-6,6 containing alkyl-terminated polymers
(F and G)

DSC measurements performed on dried pellets are
detailed in Table III. The melting and crystallization
temperatures are almost similar between C, D, and E
(within measurement errors). The glass-transition
temperature increases by 5°C and the crystallinity ra-
tio remains almost constant between the polyamide
reference and the two blends.
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Contrary to the previous case, a TEM micrograph of
polymer F, shown in Figure 10, shows that the intro-
duction of hyperbanched molecules in the polyamide
matrix is characterized by the appearance of nodules,
which are a few nanometers in diameter, thus con-
firming that this type of hyperbranched polyamide is
not miscible in the polyamide-6,6 matrix. These TEM
observations were performed on ultrathin sections (80
nm thick) obtained with an ultramicrotome. Before
observations, the sections were OsO, stained. This
phase separation may induce some interfacial polar-
ization that could be detected by dielectric spectros-
copy. On the other hand, dielectric spectra show the
same relaxations as in the polyamide-6,6 reference
with temperature positions and activation energies
independent of the content of alkyl-terminated hyper-
branched polymer in the blend (see Table V). This fact
is another indication of the noninteraction between
these polymers. It can be noticed that the evolution of
the amplitude of the ionic conduction phenomenon at
high temperature, which was not seen for the amine-
terminated HB system, could also be an indication of
phase separation. The temperature positions of the
relaxation peaks, the corresponding activation ener-
gies, and the H.N. parameters (except for the a-relax-
ation, which was difficult to fit because it was convo-
luted with strong conduction) are listed in Table V.
The activations energies are high for the a-relaxation,
as expected, because it is associated with cooperative
motions and is of the same order of magnitude as that
for polymers D and E for the 8- and +y-relaxations. As
can be seen in Table V, the behavior of the a;y and
Bimy parameters is similar to that of polymers D and E
concerning the B- and y-relaxations. Finally, the 7y
and Agpp parameters are globally higher for the B-re-
laxation than for the y-relaxation in polymers C, D, E,
F, and G, as was the case for polymers A and B. The
Tyn parameters of the B-relaxation are higher than
those of the y-relaxation, meaning that the motions
involved in the B-relaxation process take longer to
relax than those involved in the y-relaxation process,
as expected, except for polymers A and B for which
the contrary is observed.

Comparison can be made also between the 7y of
the B- and y-relaxations compared to the polyamide
reference (polymer C): a decrease of iy values can be
observed, which indicates a decrease of the tempera-
ture peak position of these relaxations for the poly-
mers that contain the hyperbranched systems (with
respect to the reference), contrary to the a-relaxation
temperature variation observed.

Viscoelasticity measurements using the tensile
mode were carried out to confirm dielectric results.
The films of blends used are similar to those prepared
for DRS. The obtained results (see Fig. 11) are similar
to those observed by DRS: two secondary relaxations
and a primary relaxation «. Table VI shows, respec-
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Figure 10 TEM micrograph of ultrathin sections of polymer F using the OsO, staining technique.

tively, the relaxation position at 10 Hz and the asso-
ciated activation energies. The a-relaxation tempera-
ture is shifted to higher values for the amine-termi-
nated blend as shown previously by DRS. It can be
observed that the primary relaxation activation energy

is difficult to calculate using this technique because of
the limited number of frequencies available (only six
between 1 and 50 Hz). Also shown in the dielectric
spectra, the B-relaxation amplitude and its position
vary enormously as a function of polyamide water

TABLE V
DRS Results from Polymer Blends F and G*
Relaxation E, (Temperature) N Brn THN Agpn
Polymer F
a 534 kJ /mol (101°C) — — — —
B 76 kJ/mol (12°C) 0.32-0.50 0.95-1 3.55 X 10 * 0.31
v 36 kJ/mol (—95°C) 0.25-0.40 0.99-1 3x10°* 0.18
Polymer G
« 515 kJ/mol (101°C) — — — —
B 72 KJ/mol (12°C) 0.31-0.55 0.93-1 293x10°° 0.39
y 39 kJ/mol (—95°C) 0.24-0.30 0.97-1 1.60 X 10°° 0.07

@ Temperature positions of the relaxations at 1 kHz (£1°C), activation energies (=5 kJ/mol), and HN parameters over the
range of temperature where each relaxation occurs, that is: 8, —30 to 30°C and vy, —110 to 60°C. 7y (in s) and Ay, are given

at —95 and 0°C, respectively.
—, not measurable.
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Figure 11 Viscoelastic analysis results showing tan 6 (DMA) at 10 Hz for dried (®) and nondried (M) PA-6,6 (polymer C)
and blends: E ([(J: 5% HB amine terminated), F (4: 5% HB alkyl terminated), and G (*: 10% HB alkyl terminated).

percentage content. This relaxation, revealing the plas-
ticizing role of water in the polyamide, is very intense
in the nondried polyamide and practically nonexistent
in the dried one. However, the B-relaxation is much
more visible when looking at DRS measurements even
on a dried sample because the interaction of -CONH-
with traces of water can be very sensitively followed
by this technique. Water is at the base of a local
mobility increase followed by the rupture of a certain
number of hydrogen bonds. The drying effect also
modifies the a-relaxation, although it shifts to higher
temperatures when the material is dried, thus con-
firming the DRS results. It can be observed as well
from the viscoelastic results that the sample that has
greater interaction with the matrix (5% HB amine

terminated) has a higher a-relaxation amplitude than
that of the dried polyamide-6,6 reference. Finally, a
relaxation map can be found in Figure 12, which
shows the variation of In f,,., as a function of 1/T and
showing, through the slope of the straight lines ob-
served for the B- and +y-relaxations, the evolution of
the activation energies for polymer C and polymer
blends E and F.

CONCLUSIONS

Thermal and dielectric properties of two kinds of hy-
perbranched polyamides were investigated, especially
by DSC, TGA, and broadband dielectric spectroscopy.
For both amine and alkyl-terminated polymers, pri-

TABLE VI
DDMA Results for Dried and Nondried PA-6,6 (Polymer C) and Polymer Blends E and G*
C nondried E, C dried E, EE, GE,
Relaxation (kJ/mol) (kJ /mol) (kJ/mol) (kJ/mol)

(Temperature) (Temperature) (Temperature) (Temperature)
v 40 (—128°C) 34 (-118°C) 38 (—124°C) 32 (—=125°C)
B 85 (—63°C) — — _
a — (70°C) — (83°C) — (89°C) — (89°C)

@ Temperature positions of the relaxations given at 10 kHz (£1°C) and activation energies (£10 kJ/mol).
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mary relaxations, with respect to the T,, were ob-
served at 80 and 110°C, respectively. Two secondary
relaxations were also found and attributed. These re-
laxations are comparable to those observed in poly-
amide-6,6. The dielectrically determined glass-transi-
tion temperatures agree well with the thermally mea-
sured values, particularly for the amine-terminated
polyamide. Infrared spectra confirmed the structure
for each polymer and revealed a characteristic peak of
the hyperbranched polyamide in both cases.

The objective of this work was the study of the
interactions between polyamide-6,6 and hyper-
branched polyamides with different terminations. The
use of hyperbranched polymers, as additives, change
some matrix properties to which these hyperbranched
polymers are added. Thus, a decrease of relative per-
mittivity value and an increase of glass-transition tem-
perature were observed when the percentage of
amine-terminated hyperbranched polyamide in-
creased in the matrix. On the other hand, some other
properties such as melting point and crystallization
temperature remain practically independent of hyper-
branched content. One of the noteworthy interests
here is the ability to characterize the pure hyper-
branched polymers in powder form by dielectric spec-
troscopy, which was a challenge at the beginning be-
cause a special powder cell had to be designed.

According to these studies, the amine-terminated
polymer hinders the mobility of the polyamide chains.
In the case of polyamide blend with the alkyl-termi-
nated hyperbranched polymer, the results are indis-
tinct from those of the polyamide-6,6.

5.0 5.5 6.0 6.5 7.0

1000/T (K)

Relaxation map In f,,,,, (Hz) = 1/T for polymer C (<), polymer E (X), and polymer F (@) in the case of the 8- and
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