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ABSTRACT: An epoxy—anhydride formulation used for the coating electrical devices was modified with a commercially available hyper-
branched poly(ester amide), Hybrane S2200, to improve the thermal degradability of the resulting thermoset and, thus, facilitate the recov-
ery of substrate materials after the service life of the component. The thermomechanical, mechanical, and dielectric properties and thermal
degradability were studied and interpreted in terms of the composition and network structure of the cured thermosets. Although the cross-
linking density was significantly reduced with the incorporation of $2200, the glass transition temperature of the fully cured material (Tg)
of the modified thermoset was hardly affected because of the enhancement of H-bonding interactions in the presence of S2200. Despite the
different network structures, the combined dielectric and dynamic mechanical analysis revealed that the relaxation dynamics of both net-
works were very similar. In terms of application, improvements in the dielectric and mechanical properties were observed. The incorpora-
tion of S2200 accelerated the thermal decomposition of the material and, thus, facilitated the recovery of the valuable parts from the sub-
strate at the end of the service life of the apparatus. © 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 128: 40014013, 2013
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INTRODUCTION the life cycle of the component is expired, wasting away. In the
early work of Chen and coworkers,'™ they reported the use of a
newly synthesized epoxy monomer with cleavable tertiary ester
groups that could be used as modifiers in epoxy formulations.
However, the use of cycloaliphatic monomers restricts their appli-
cation and curing versatility. Some of us have reported the modi-
fication of epoxy formulations with a variety of lactones*™ or
cyclic carbonates;” this results in the incorporation of ester or
carbonate groups into the network structure and, thus, enhances
the thermal degradability of the resulting materials. The main
drawback in this case is the reduction of the glass transition tem-
perature of the fully cured material (T,) via the decrease in the
crosslinking density and the flexibility of the units introduced
into the network structure.

Epoxy resins are widely used in a variety of applications because
of their good thermomechanical, adhesive, and electrical proper-
ties; thermal and chemical stability; and ease of processing. How-
ever, their high thermal stability, caused by the densely cross-
linked network achieved in the curing process and the nature of
the covalent linkages of the network structure, can be a drawback
in what is called reworkability. Reworkability can be achieved by
the introduction of thermally cleavable linkages in the network
structure. A controlled thermal degradation can lead to a partial
breakdown of the network structure of the material; this reduces
its mechanical properties and facilitates its removal by mechani-
cal means. This can be interesting in certain applications, such as
microelectronics, where the replacement of a faulty chip can be
accomplished without the whole assembly or the electrical com-  Hyperbranched polymers (HBPs) are a type of dendronized
ponents, of which the metallic substrate can be recovered after  polymers, which can be used as effective polymer modifiers of
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thermosetting materials because of (1) their high degree of
branching, which makes them less viscous than their linear
counterparts with the same equivalent molecular weight and (2)
the high concentration of surface groups, which can be modi-
fied to fine-tune their physical compatibility with the matrix or
make possible their covalent linkage to the matrix. The proper-
ties of the final material can thus be tailored as a function of
the core structure, the degree of branching, and the type of
functional end groups.® One of the most relevant applications
in thermosets is their use as toughening agents that phase-sepa-
rate during curing”™'® or else get incorporated into the network
Recently, we studied the use of hyperbranched
poly(ester amide)s as modifiers for epoxy—anhydride formula-
tions.'” The presence of terminal OH groups in HBP facilitated
its incorporation into the network structure. There was a signif-
icant lowering of the thermal stability of the resulting materials
because of the presence of ester groups in the HBP structure,
although their thermomechanical behavior was not compromised.
Indeed, the impact strength (IS) of the resulting materials could
even be improved."” In contrast, the use of a hyperbranched polyes-
ter did not improve the thermal degradability of thermosets,'® but
they were, nevertheless, chemically reworkable by hydrolysis of the
ester groups in HBP. In this study, we aimed to profit from the
enhanced thermal degradability of hyperbranched poly(ester amide)s
with a view toward obtaining thermosets for electrical applications
with comparable T, values and mechanical and electrical proper-
ties with respect to those of the unmodified one, but which could
facilitate the recovery of the substrate by controlled thermal degrada-
tion. Reactive HBPs with ester groups in their structure and
hydroxyl groups as chain ends appeared to be good candidates for
this purpose because (1) the covalent bonding of the multifunctional
reactive HBP into the network structure could ensure that the ther-
momechanical behavior of the material was not compromised and
(2) the presence of ester groups in HBP facilitated the thermal
degradability of the resulting network structure of the thermoset.

structure.'®

To the best of our knowledge, the use of reactive HBPs as poly-
meric modifiers with the purpose of improving the reworkability
of the modified thermosets is a novel approach that has not been
explored in depth. Moreover, in this study, this strategy is offered
as a specific solution for meeting the demands of an industrial
partner. For this to be implemented as a real industrial applica-
tion, one must bear in mind that enhanced reworkability should
not be attained at the expense of other properties. Within this
framework, relevant properties, such as the thermal conductivity
and dielectric behavior, which were not determined in previous
studies,'” need to also be considered. The thermal and mechani-
cal properties are also of key importance for application.'” Fur-
ther knowledge can be derived from the relationship between the
effect of the modifier on these selected properties with the net-
work structure of the thermoset and its chemical composition
and, eventually, the curing kinetics. Such a relationship needs to
be well understood for future material design.

In a previous article, we reported the curing kinetics of an
unmodified and modified formulation with a hydroxyl-terminated
hyperbranched poly(ester amide), Hybrane $2200.*° The objective
of this study was to examine in detail the effect of S2200 on the
structure and properties of the modified formulation in compari-
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son with the unmodified material and to explore its potential
reworkability. The thermomechanical properties were determined
with differential scanning calorimetry (DSC), dynamic mechanical
analysis (DMA), and thermomechanical analysis (TMA). The ther-
mal stability was studied with thermogravimetric analysis (TGA).
Dielectric analysis (DEA) and thermal conductivity measurements
were performed to assess the performance of the newly obtained
materials for the selected application. Impact tests were performed
to analyze the effect of the modifier on the fracture toughness of
the resulting thermoset and the microhardness, which is a valuable
parameter in the evaluation of coatings.

EXPERIMENTAL

Materials and Sample Preparation

Diglycidyl ether of bisphenol A (DGEBA; Araldite CY 228-1,
Huntsman Advanced Materials (Europe) BVBA, Everberg, Bel-
gium, 390-410 g/mol) and methyltetrahydrophtalic anhydride
(MTHPA; Aradur HY 918, Huntsman, 166 g/mol) were used as
received. Benzyldimethylamine (DY 062, Huntsman) was used
as an initiator. A hyperbranched polyesteramide (S2200, Hybrane
§2200, DSM, Zwolle, The Netherlands, obtained from succinic
anhydride and diisopropanolamine building blocks, 175.9 g/equiv
of OH) was used as received. Scheme 1 shows the structure of all
of the starting products.

The DGEBA-MTHPA formulation (DG) were prepared by the
addition of appropriate amounts of each reactant and initiator to
a vial with mechanical stirring. For the preparation of the formu-
lation with $2200 (DGS2200), appropriate amounts of DGEBA
and S2200 were heated up to 150°C with a thermal gun, and the
mixture was homogenized with mechanical stirring. After the
mixture was cooled, anhydride was added, and the resulting mix-
ture was homogenized with mechanical stirring. A corresponding
amount of initiator was added to the vial and mixed with a me-
chanical stirrer. For both formulations, the amount of initiator
was 1 phr with respect to the anhydride. Table I reports the com-
positions of the DG and DGS2200 formulations. As in previous
studies,'”?**" an overstoichiometric amount of anhydride with
respect to the epoxy was used in the DGS2200 formulation.

For the analysis of the material properties, samples of both for-
mulations were cured at 100°C for 5 h and then postcured at
180°C for 2 h. The samples for DMA, TMA, and mechanical
tests were cured in open Teflon molds. A silicone mold was
used for the preparation of samples for DEA and thermal con-
ductivity. The open surfaces of the samples were polished. The
samples for TGA were cured in closed 0.5 mm thick Teflon
molds. All of the samples were wrapped in Parafilm and stored
in sealed plastic bags to prevent water absorption before use.

Characterization Techniques

DSC. A Mettler (Schwerzenbach, Switzerland) DSC822e calo-
rimeter was used to determine the T, values of the materials
cured after the previous procedure, as the halfway point in the
heat capacity step with the Richardson method of STARe soft-
ware. Three experiments were performed for each formulation,
and the results were averaged.

Fourier Transform Infrared (FTIR) Spectroscopy. A Bruker
(Ettlingen, Germany) Vertex 70 FTIR spectrometer equipped
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Scheme 1. Schemes of (a) DGEBA, (b) MTHPA, (c) benzyldimethylamine, and (d) idealized structure of S2200.

with an attenuated total reflectance device with temperature
control (Golden Gate heated single-reflection diamond attenu-
ated total reflectance Specac-Teknokroma) was used to obtain
the FTIR spectra of the cured materials. The FTIR spectrometer
was used at a resolution of 4 cm™', and 20 scans were averaged
for each spectrum. To correct the penetration depth of the radi-
ation in the samples, the spectra were multiplied by W/1000,
where W is the wave number. A background was run before ev-
ery series of measurements.

TMA. A Mettler (Schwerzenbach, Switzerland) TMA 40 ther-
momechanical analyzer was used to determine the thermal
expansion coefficients of the samples cured after the previous
curing schedule below and above their T, value. Samples
about 5 mm in diameter and 1.5 mm thick were sandwiched
between two silica discs and heated at 5°C/min from 30 to
150°C in the first scan and up to 180°C in the second scan,
which was used for the calculations. A blank curve determined
with only the silica discs was subtracted. The expansion curves
of three samples were averaged. The coefficients of thermal
expansion (o, and «;) below and above Ty, respectively, were

Table I. Composition of the Formulations Studied

DGEBA/ Epoxy/OH/
MTHPA S2200 MTHPA anhydride
Formulation (wt %)  (wt %) mass ratio molar ratio
DG 4598 O 1:0.851 1:0.106:1.025
DGS2200 4291 15 1:1.019 1:0.48:1.2

The number of hydroxyl groups was calculated with the assumption of
molecular masses of 390 g/mol for DGEBA and 175.9 g/equiv of OH for
52200.
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calculated as follows:

o dL constant (1)
= — e = an
Ly dT

where L and L, are the thicknesses at any temperature and at
room temperature, respectively.

DMA. A TA Instruments (New Castle, DE) DMA Q800 was
used in single-cantilever mode with prismatic rectangular sam-
ples with dimensions of about 10 x 12 x 1.5 mm’. The sam-
ples were heated at 3°C/min from 30 to 180°C at 1 Hz with an
oscillation amplitude of 20 um. Two scans were performed on
each sample to check the reproducibility, and the results were
averaged. Time—temperature superposition (TTS) experiments
were performed by isothermal frequency sweeps (20, 10, 5, 2, 1,
0.5, 0.2, and 0.1 Hz) every 5°C from 80 to 180°C after 5 min of
temperature equilibration at every step. Rheology Advantage
software by TA Instruments (New Castle, DE) was used to per-
form the TTS adjustment of the experimental data.

DEA. The dielectric measurements were carried out with a
Novocontrol system (Hundsangen, Germany) composed of an
Alpha frequency response analyzer and a Quattro temperature
controller. The samples were prepared in the form of sheets
with thicknesses of 1.0-1.2 mm with gold electrodes evaporated
in vacuo. The samples were sandwiched between two copper
electrodes 20 mm in diameter and placed inside a temperature-
controlled sample cell. The complex permittivity [e*(f) = &(f)
+ i”(f), where ¢ and ¢” are the real and the imaginary part of
the complex permittivity &, respectively] was determined in the
frequency (f) range from 10" to 5 x 10’ Hz and in the tem-
perature range from —80 to 160°C. The alternating-current
voltage applied to the capacitor was equal to 1.0 V. The
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temperature was controlled with a nitrogen gas cryostat, and
the temperature stability of the sample was better than 0.2°C.
The points used for the activation maps, that is, the relaxation
times (7s) at a given temperature (T), were determined by Win-
FIT (Hundsangen, Germany) software using the Havriliak—Neg-
ami function fitting.

TGA. A Mettler (Schwerzenbach, Switzerland) TGA 50 was
used to study the thermal degradation of the materials. Samples
weighing approximately 10 mg and 0.5 mm thick were heated
at 10°C/min from 40 to 700°C in a nitrogen atmosphere. A
blank curve was run and subtracted from the experiments.
Three samples were analyzed for each formulation, and the
results were averaged. The isothermal degradation of the materi-
als was studied. The samples were preheated at 100°C/min and
kept at 300, 350, and 400°C for up to 4 h (e.g., the 400°C sam-
ples were degraded only for 2 h). A blank curve was subtracted
for each sample. The samples were then removed and, when
possible, were analyzed with FTIR spectroscopy, and the glass-
transition temperature (T,) was determined with DSC.

Thermal Conductivity. Cylindrical specimens, with a diameter
of 6 mm and a height of 3 mm, were cut for thermal measure-
ments. Thermal conductivity measurements were performed by
means of a physical property measurement system with a thermal
transport option made by Quantum Design, Inc. (San Diego,
CA). The sample was mounted in the two-probe-lead configura-
tion, that is, spliced to the copper leads by the epoxy bound.
Heat was applied by a current running through the copper lead.
The thermal conductivity measurements were performed under
high-vacuum conditions and at room temperature. To check the
reliability of the measurements for each type of composite, two
samples with different thicknesses were investigated. Additionally,
on each sample, at least 10 measurements after the applied heat
pulses were made to check the reproducibility of the results.

Mechanical Tests. Impact tests were performed at room tempera-
ture by means of an Izod 5110 impact tester according to ASTM D
4508-05 with rectangular samples (25 x 12 x 2.5 mm®). The pen-
dulum we used had a kinetic energy of 1 J. For each material, nine
determinations were made. The IS was calculated from the energy
absorbed by the sample upon fracture as follows:

(2

where E and E, are the energy loss of the pendulum with and
without sample, respectively, and S is the cross section of the
samples.

Microhardness was measured with a Wilson Wolpert (Micro
Knoop 401 MAV) device according to ASTM D 1474-98. For
each material, 10 determinations were made with a confidence
level of 95%. The Knoop microhardness (HKN) was calculated
from the following equation:

HKN =L/A, = L/I*- C, (3)

where L is the load applied to the indenter (0.025 kg), A, is the
projected area of indentation (mm?), [ is the measured length
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of the long diagonal of indentation in mm, and C, is the in-
denter constant (7.028 x 1072) relating P to Ap

Density Measurements. The density of the cured formulations
(pro) at room temperature was determined indirectly as the den-
sity of a KBr solution with a density equal to the sample and
measured with a pycnometer. Two measurements were made for
each sample, which corresponded to a solution density slightly
higher or lower than that of the sample. Three samples were ana-
lyzed for each formulation, and the results were averaged.

Theoretical

According to the rubber elasticity theory,** the relaxed modulus
(E,) can be related to the concentration of elastically active net-
work chains v, (mol/kg) in the following manner:

E=¢-3-R-T-v.py (4)

where R is the gas constant, T is the absolute temperature at
the measurement, usually 50°C above Ty, pr is the density of
the material, and ¢ is a factor reflecting all of the nonidealities
and deviations from the ideal behavior.

prof a given thermoset at any temperature T above Ty can be
calculated with the density of the cured samples measured at
room temperature (pqp) and the linear thermal expansion data
obtained by TMA as follows:

P10
= 5
PT o 3 a (T,—To) +3-04 - (T — Ty) )
where o, and o; are the linear thermal expansion coefficients
below and above T, respectively, and ppy is the density of the
cured thermoset at room temperature.

The TTS principle can be applied to the DEA and DMA data to
analyze the main relaxation phenomena. For the main relaxa-
tion (o relaxation), the experimental data can be fitted to the
Williams-Landel-Ferry (WLF) expression:*>*’

—Ci - (T — Tyy)

6
C2+T_Tref ()

logor =

where the shift factors (a;’s) can be calculated as ar = Vvee/v,
where vr and v correspond to the frequency at the reference
temperature (T.r) and the frequency at any other temperature,
respectively. Equivalently, if 7 is known, the ar values can be
calculated as ar = t/T.ep Where T, is the relaxation time at T,

From the C; and C, parameters, the apparent activation energy
(E,4) of the structural relaxation can be calculated® as follows:

In10
Ex=—— R-C -T*/C 7
4= o R G T2 /G 7)
If one assumes that the relaxation of the network is governed by
the evolution of free volume,” the fraction of free volume (f,) at
the relaxation can be calculated with the following expression:

1

“Ini0-G ®

fo
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a. Alternating copolymerization

b. Hydroxyl-anhydride esterification and carboxylic acid-epoxy esterification
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Scheme 2. Summary of the most significant reaction pathways in the curing of the epoxy—anhydride thermosets. Potential crosslinking points are noted

with ¢, whereas noncrosslinking points are noted with nc.

It is also well known that the temperature dependence of sec-
ondary relaxations follows an Arrhenius law and, therefore, E4
can be determined as follows:

Ey

—Int=InA-
nt=In R.T

)

where 7 is the relaxation time at a given temperature T and A is
the pre-exponential factor.

RESULTS

Before we go on to analyze the material properties, we briefly
discuss the curing mechanism as determined in our previous
study.”® The curing mechanism of epoxy—anhydride formula-
tions, summarized in Scheme 2, is quite complex. To begin
with, the presence of a tertiary amine promotes the anionic
alternating copolymerization of epoxy and anhydride groups
[Scheme 2(a)], but the presence of hydroxyl groups favors the
uncatalyzed hydroxyl-anhydride copolymerization [Scheme
2(b)] and leads to the formation of carboxylic acid. The subse-
quent esterification of epoxy groups with carboxylic acid can
take place with the aid of a tertiary amine.”® It must also be
pointed out that whereas the anionic copolymerization [Scheme
2(a)] is a ring-opening polyaddition process, the other esterifi-
cation reactions follow polycondensation reaction kinetics. The
presence of S2200 accelerated the reaction of both anhydride
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and epoxy groups because of the presence of hydroxyl groups,
which could react with anhydride groups but could also acceler-
ate the initiation with the tertiary amine. The regeneration of
the tertiary amine, as reported in other studies,>*® could also
take place. Homopolymerization of the epoxy groups was
observed to occur to a very limited extend. The reaction of
§2200 was gradual, and its incorporation into the network
structure could be assured by the early carboxylic acid forma-
tion, subsequent reaction with epoxy groups (Scheme 3), and
the occurrence of chain-transfer reactions.

Thermal and Dynamic Mechanical Properties

The results of the DSC analysis of both formulations are sum-
marized in Table II. We observed that the incorporation of 15%
§2200 decreased the Ty, about 9°C as measured by DSC. This
decrease in Ty, could have been related to an increase in the
mobility of the network structure caused by the incorporation
of S$2200. This was also accompanied by an increase in the
change in C, (AC,), as commonly observed for thermosets,”
which pointed to a loosening of the network structure due to
the incorporation of 52200.

DMA of the DG and DGS2200 formulations is shown in Table
II and Figure 1, which shows the o relaxation related to the
glass transition of the thermoset. In agreement with the calori-
metric data, a discrete decrease in Ty, was observed, by a drop
in the storage modulus (E'), tan § peak temperature, or loss
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Scheme 3. Reaction pathway of $2200 hydroxyl groups. Potential crosslinking points are noted with ¢, whereas noncrosslinking points are noted

with nc.

modulus peak temperature. We observed that the relaxations of
the DG and DGS2200 formulations were unimodal; that is, in
both cases we had homogeneous network structures, but some
differences must be pointed out. First, the broader relaxation
peak of DGS2200 [tan J, full width at half-maximum (FWHM)
in Table II] indicated that the DGS200 network was more dis-
perse. Second, the energy dissipated during the relaxation,

Table II. Summary of the Dynamic Mechanical Properties Determined by

DSC and DMA
DG DGS2200
DSC
Tge (°C) 109.2 + 4.3 101.3 0.3
AC, (J g™t K™ 0.299 + 0.009 0.328 + 0.008
DMA
E" at 40°C (MPa) 2772 = 82 2736 = 80
E’. (tan & peak, 17.70 = 0.28 9.65 + 0.04
T + 50°C; MPa)
Tan & peak T (°C) 122.0 + 0.7 1144 =01
Tan & peak height 1.06 = 0.02 1.18 + 0.01
Tan 8 FWHM (°C) 150=01 176 0.2
Tan § area (°C) 159 +03 208 =03
E” peak T (°C) 1126 + 1.6 1042 =01
E” peak (MPa) 322+ 6 375+ 9

The results are reported as Value + Error.
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which was equivalent to the area below the tan 6 peak (tan o
area in Table II) was higher for the DGS2200 formulation; this
indicated that the material had better damping capabilities.
Third, E', (E measured 50°C above the relaxation) was reduced
significantly in the DGS2200 formulation; this, according to eq.
(4), was indicative of a lower v,. On the other hand, although
the values may have been affected by the clamping and geome-
try, we observed that the unrelaxed E' (measured at the start of
heating at 40°C) was a good order of magnitude compared with
the Young’s modulus values of epoxy thermosets”> and that it
was virtually unaffected by the incorporation of $2200.

10004 —e—DG
= —o— DGS2200
o
2 100
w
10+
T T T T T T 1
14
12
10
08
<]
© 064
2 04]
02
00
T T T T T T T T 1
40 60 80 100 120 140 160 180

Temperature (°C)

Figure 1. E' and tan J curves with respect to temperature at 1 Hz.
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To understand the thermal and dynamic mechanical properties
of the DG and DGS2200 thermosets, one must consider the net-
work structure resulting from the incorporation of $2200 into
an epoxy—anhydride thermoset and relate this to the curing
kinetics. The epoxy—anhydride network consists, basically, of an
alternating copolymer sequence where the DGEBA epoxy groups
turn to crosslinking units according to the anionic alternating
mechanism depicted in Scheme 2(a). However, we found that
the hydroxyl-anhydride esterification [Scheme 2(b)] and the
subsequent carboxylic acid—epoxy esterification played an im-
portant part because of the increase in hydroxyl groups by terti-
ary amine regeneration and the presence of S2200. Moreover,
because of the early exhaustion of anhydride groups during cur-
ing of the DG formulation, epoxy polyetherification could occur
to some extent.”

We estimated the theoretical degree of crosslinking in the fully
cured networks of DG and DGS2200. To do so, we made the
following assumptions:

1. Overall, in the anionic copolymerization and the epoxy
homopolymerization, the ring opening of a DGEBA epoxy
group leads to a crosslinking point, given that there are
two epoxy groups in DGEBA.

2. Upon initiation, there is a chain start and a chain end,
which decrease the amount of crosslinks to twice the
amount of initiating species. This is illustrated in Scheme
2(a), where it is shown that only the middle epoxy groups
may issue three chains with infinite continuation and
act as crosslinking points (noted with c¢), whereas both
end epoxy groups are not crosslinking points (noted
with nc).

3. The occurrence of chain-transfer reactions has a net null
effect on the final degree of crosslinking because a chain
end is not an effective crosslink.

4. The reaction of a secondary hydroxyl group coming from
a DGEBA oligomeric species, depicted in Scheme 2(b),
does not decrease the degree of crosslinking. This hydroxyl
group may turn into a crosslink (c), whereas the subse-
quent ring opening of the epoxy group leads to another
secondary hydroxyl group (nc). The overall effect would
be the formation of a crosslinking point per epoxy group
reacted, and therefore, DGEBA hydroxyl groups do not
have to be considered.

5. The reaction of a primary hydroxyl group from the $2200
results leads eventually to the ring opening of an epoxy
group, which does not turn into a crosslinking point (see
Scheme 3). As a result, a crosslinking point is lost for each
primary hydroxyl group that reacts. However, internal
branching points of S2200 can be fully or partially acti-
vated into effective crosslinking points in the process.””
Secondary hydroxyl groups formed by the ring opening of
the epoxy would have the same effect as in discussed in
point 4. For estimation purposes, we assumed that all of
the hydroxyl groups of S2200 could react and that all in-
ternal branching points of $2200 could be activated.

6. Having excess anhydride groups does not modify the final
degree of crosslinking but results in terminal carboxylic
groups instead of hydroxyl groups.
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Table ITI. Thermal Expansion Coefficients below and above the T,
(atg and a, respectively) Obtained by TMA and the pp Values

DG DGS2200
dg (um m=1.eCY) 56 + 8 51 + 6
o (um m-teC 1) 205 + 12 210 = 10
pro (g/cm?) 1.204 = 0.001 1.205 = 0.002

The results are reported as Value = Error.

7. In the event of tertiary amine regeneration, the reinitiation
of a growing chain by the released tertiary amine would
account for extra initiator and have the same effect as
described in point 2.

We estimated the theoretical v, values of the DG and DGS2200
formulations, neglecting the occurrence of regeneration as a first
approximation, as follows:

Ve = 3/2 . (nepoxy + Ms2200 — NOH,$2200 — 2ninitiator) (10)
where f1epoxy and fjpigiaror are the numbers of epoxy and initiator
groups per mass unit, #sygo is the number of branching points
in S2200 as represented by the tertiary amide groups, and
foms2200 18 the number of $2200 hydroxyl groups in the sample.
The 3/2 factor arises from the consideration that each crosslink
issues three chains and an elastically active network chain is
bound to two crosslinks. All of these positive and negative contri-
butions can be derived from the composition in Table I, except
the amount of tertiary amide groups. The amount of tertiary am-
ide groups of S2200 was estimated to be 207.6 g/equiv of N, as
determined on the basis of the idealized structure shown in
Scheme 1, the molar mass of diisopropanolamine and succinic
anhydride used for the synthesis of $2200, the loss of water by
condensation, and its hydroxyl equivalent of 175 g/mol. Taking
into account the composition in Table I, we estimated the v, val-
ues of the DG and DGS2200 formulations to be 0.00404 and
0.00294 mol/g, respectively. This produced a ratio of 0.73 of
DGS2200 with respect to DG. This result was in qualitative
agreement with the experimental E', determined with DMA.

Assuming that there was some inherent error in the determina-
tion of E, using DMA and that it was arguable to apply the
rubber elasticity theory in the case of thermosets,”> we
attempted to derive v, from eq. (4). To do so, we also used
eq. (5) and the densities and thermal expansion coefficients in
Table III and assumed ideal elastomer behavior as well [¢ = 1
in eq. (4)]. For the DG and DGS2200 thermosets, this yielded
values of 0.00140 and 0.00078 mol/g, respectively. The experi-
mental v, ratio was, therefore, 0.55. There was a remarkable dis-
crepancy between the predicted and experimental v, values; this
could be ascribed to reasons different than experimental error:
(1) topological restrictions leading to an incomplete reaction of
epoxy groups, (2) incomplete activation of all of the potential
crosslinks from $2200, or (3) the occurrence of regeneration to
some extent, which led to more chain ends than expected.

In a previous study,”® we observed that the occurrence of regen-
eration during the curing of the DG formulation led to the for-
mation of more carboxylic acid groups than expected.
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Figure 2. Dependences of the imaginary part [¢” (left plot)] and real part [¢ (right plot)] of the permittivity versus the frequency and temperature

for DG.

Moreover, the overall amount of hydroxyl groups at the end of
the process was higher than at the beginning, which could be
explained by the occurrence of regeneration. In our previous ar-
ticle, we reported a high conversion at gelation; this was in
agreement with the data reported by other authors®>*° and
could be partially explained on the basis of tertiary amine
regeneration.”® However, other authors attributed this to the
presence of protic impurities, such as free acid, which may have
acted as chain-starting points,®® or to the occurrence of chain-
transfer processes induced by the presence of hydroxyl groups.*®
From the difference between the experimental and predicted v,
values, we estimated that there was one regeneration event per
four reacted epoxy groups. We also observed that the incorpora-
tion of S2200 was gradual, so the participation of its hydroxyl
groups and the activation of its internal branching points was
overestimated; this contributed to the decreases in v, of
DGS2200 and the ratio between DGS2200 and DG.

Both the predicted and experimental results indicated a signifi-
cant decrease in v, with the incorporation of S2200, but never-
theless, Ty, of the cured material was not affected accordingly.
The incorporation of S2200 into the network structure probably
contributed to the decrease in the mobility of the network and,
therefore, made up for the decrease in v, Indeed, it was
acknowledged that not only v, but other factors, such as the ri-
gidity of the polymer backbone, which may reduce the mobility
of the network, have an effect on the T, values of cured ther-
mosets.””*” We lacked any rigorous demonstration, but we
hypothesized that the partial incorporation of S2200 into the
network structure may have restricted the mobility of the result-
ing network because of its hyperbranched structure and the
high concentration of crosslinks inside and within the vicinity
of S2200 and also to extensive H bonding between the hydroxyl
and carbonyl groups within the network structure, similar to
other epoxy thermosets modified with hydroxyl-terminated
HBPs.>® One must take into account that (1) an excess of anhy-
dride groups was used in the DGS2200 formulation, (2) both
$2200 and anhydride contributed with carbonyl groups, and (3)
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WILEYONLINELIBRARY.COM/APP

the overall amount of hydroxyl groups at the end of the process
was higher than at the beginning, either as hydroxyl or carbox-
ylic acid groups. The likelihood of H bonding within the net-
work structure increased significantly; this may have contributed
to the reduction in mobility of the network and offset the effect
of the decrease in the network v, hence, the decrease in Ty
was limited.

With regard to the thermal expansion of DG and DGS2200
reported in Table III, we observed that the thermal expansion
coefficient was almost identical above T, but it was somewhat
lower for DGS2200 below Tg. The values were in good agree-
ment with those reported previously.'” The decrease in this coef-
ficient in the glassy state, along with the reduction in Ty, was
beneficial because it decreased the generation of internal stresses
in the cool-down step after curing and the dimension mismatch
to metal substrates.’’ With the experimental error taken into
account, the effect was discrete, but this still resulted in a reduc-
tion in the formation of microvoids and microcracks and better
adhesion to the substrate, which improved the durability of the
material. This is of key importance with regard to the use of ep-
oxy—anhydride formulations in electrical applications.'®

Dielectric Properties

Figure 2 depicts the results of DEA of the DG formulation.
From both the imaginary and real parts of ¢*, it was possible to
determine the a relaxation of the thermoset associated with the
segmental mobility, but analysis of the imaginary part, the loss
factor, also allowed us to determine the relaxations more pre-
cisely as they appeared as peaks. In the low-temperature range,
two secondary relaxation processes, § and y, were also observed
and were connected to local group mobility.

Figure 3 compares the primary o and secondary f§ and y relaxa-
tions (at 130 and —60°C, respectively) for the DG and
DGS2200 formulations. The real part of &* increased with
decreasing frequency because of the segmental and local relaxa-
tion of the network; this led to a higher mobility and, conse-
quently, a higher polarizability. The increase in permittivity was
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Figure 3. Dependences of the imaginary part (¢”) and real part (&) of
the permittivity versus the frequency at a temperature of —60 and 130°C
for DG and DGS2200.

higher in the case of the DGS2200-cured thermoset, as was the
intensity of the loss factor peak, in both the o and f relaxations.
The fact that the permittivity was higher in DGS2200 than in
DG was a positive phenomenon in terms of the specific applica-
tion, where a high breakdown strength is a key issue. This could
have been due to the presence of more polar groups in the net-
work structure, such as the internal ester and amide groups
coming from $2200 and the ester and carboxylic acid groups
resulting from the reaction of S2200 hydroxyl groups with anhy-
dride. The 7y relaxation was not sensitive to the network struc-
ture at all because it was most likely associated with the oscilla-
tion of small groups or chain ends.

We also appreciated that the « relaxation of DGS2200 occurred
at a somewhat higher frequency; this accounted for the higher
network mobility and was in agreement with the DMA and cal-
orimetric data (this is more clearly seen in the relaxation map
in Figure 4, which is discussed later). Once the material was
relaxed, the increase in permittivity was much higher after the o
relaxation of the network than in the other relaxations. The
higher concentration of polar groups in the DGS2200 formula-
tion, coupled with its looser network structure in the relaxed
state, resulted in a significant enhancement in the polarizability
of the material and, consequently, a significant increase in the
permittivity, especially at the longest observation times.
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Network Relaxation Dynamics

The dynamics of the o relaxation of the DG and DGS2200
cured materials were studied by TTS of DMA and dielectric
data. First, we checked the feasibility of the TTS adjustment
using DMA data and the data analysis software provided by TA
Instruments. A good adjustment was obtained with the E’
curve, with the reference temperature taken as the one with a
centered local maximum with respect to the frequency, from
Tier to T + 50. However, given that the experimental fre-
quency range of the DMA data was somewhat narrow (from 0.1
to 20 Hz), we attempted to analyze both the dynamic mechani-
cal and dielectric data at the same time to extend the frequency
range and to obtain a more reliable adjustment. We determined
the 7 values of all of the dielectric relaxations at different tem-
peratures and plotted them in a relaxation map in Figure 4.
The t values of the DMA data corresponding to the o relaxation
were determined with the loss modulus (E”) data and plotted
them in the same figure. Some relevant facts need to be
highlighted:

1. DG and DGS2200 showed very similar relaxation behav-
iors; this was in agreement with the DMA data.

2. The o relaxation of DGS2200 occurred at a somewhat
lower temperature than that of DG and accounted for a
higher network mobility, as explained previously.

3. There was an excellent superposition between the 7 values
obtained by both techniques. That is, the s determined
with DMA and DEA were comparable. Indeed, there was a
frequency range in which results obtained by both techni-
ques overlapped. In general, good agreement between the
7 values obtained with different techniques has been
reported.”>*® Ramis et al.*® reported that the mechanical t
was longer than that of the dielectric relaxation. In that
case, however, they determined the mechanical t from the
maximum in tan 0, which increased t (or decreases the
frequency). In this case, both the DEA and DMA 7 values
were derived from the loss dielectric factor (¢’) and the
mechanical loss factor (E”), and this led to more consist-
ent results.

8-
64 y-relaxation
ORS » DG (DMA)
> v DG (DEA) -
2 o DGS2200 (DMA) B-relaxation
A

T T
3.0 3.5 4.0 4.5 5.0 55
1000/T (K™

DGS2200 (DEA)
24
] E a-relaxation
04
_®
25

20

Figure 4. Relaxation map of DG and DGS2200 determined by DMA and
DEA, respectively.
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Table IV. Summary of the TTS of the Dielectric Data with the WLF
Equation

DG DGS2200
Tret (°C) 109 101
C1 9.93 = 0.54 10.11 = 0.48
Cz Q) 559 45 581 4.5
Ea (kJ/mol) 497 = 49 466 * 42
i 0.0437 = 0.0024 0.0429 =+ 0.0020

The results are reported as Value = Error.

Although it is normal to also use other expressions for the anal-
ysis of dielectric relaxations. such as the Vogel-Taman—Fulcher®
or the Kolrausch-Williams—Watt®* equations, we fitted the ex-
perimental 7 of the o relaxation of combined the DEA and
DMA data to the WLF equation and interpreted the results in
terms of free volume.” The results of this adjustment are
reported in Table IV. Note that we used the calorimetric Ty, as
a reference temperature for the adjustment. As suggested by the
relaxation map, the relaxation in both materials was very similar;
this was confirmed by the similar C; and C, adjustment parame-
ters. Both E, and f, were within the order of magnitude for ther-
mosets.”” It is worth noting that despite the significant decrease
in crosslinking density with the incorporation of S$2200, as
reported in Figure 1 and Table II, f, at T, which was associated
with the mobility of the network at the relaxation, was hardly
affected. This was in agreement with the only slightly lower Ty
of DGS2200 in comparison with that of DG. The fact that Ty
and the relaxation of the network appeared to be connected to
the free-volume behavior”> or mobility?>* rather than v, was
not always evident because, in thermosets, T, is often associated
with the degree of crosslinking during a curing process,”>*>*¢ but
this, in turn, is related to the available free volume, which obvi-
ously decreases as the crosslinking proceeds and reduces the mo-
bility of the growing network. The incorporation of S2200 may
have led to a looser network structure in terms of the overall
crosslinking density but, at the same time, one with a restrained
mobility and lower free volume before the relaxation because of
the existence of numerous H-bonding interactions.

Table V reports the results of the adjustment of t of the second-
ary f and y relaxations with an Arrhenius law, such as that in
eq. (6), and no differences were observed between them. This
indicated that the introduction of $2200 into the network struc-
ture did not alter the nature of the local mobility dynamics
either.

Table V. E4 Values of the Secondary Relaxations Obtained by DEA
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Figure 5. Degradation curves at 10°C/min in a nitrogen atmosphere of
the cured materials and S2200 (m/my is the normalized mass of the sam-
ple, where m is the mass at any stage of the process and m, is the mass at
the beginning. (dm/dt)/m is the normalized rate of mass loss).

Thermal Degradation

Figure 5 and Table VI summarize the results of the thermal deg-
radation of the cured materials at 10°C/min. We observed that
the thermal stability decreased significantly with the addition of
$2200, in terms of the temperatures at 2 and 5% mass loss
(T, and Tse,, respectively), whereas the main peak temperature
remained unaltered. These results were in agreement with a pre-
vious study that used an analogous hyperbranched poly(ester
amide).'” From the shape of the degradation curves in Figure 5,
we observed that the degradation of DGS2200 took place in two
distinct processes, with the former taking place within the tem-
perature range of the degradation of neat S2200 and the latter
taking place within the decomposition range of the unmodified
DG formulation. One might think that the lower overall cross-
linking density of DGS2200 explained this early decomposition,
but one must bear in mind that the secondary ester groups of
S2200 were less thermally stable than the primary ester groups
formed by the epoxy—anhydride copolymerization. Moreover,
secondary ester groups were also formed by the reaction of the
secondary hydroxyl groups present in the oligomeric DGEBA
and after the reaction of the S2200 hydroxyl groups. We esti-
mated that a mass loss of about 28% was associated with the
first process; this was higher than the amount of S2200 and
excess anhydride in the mixture. Therefore, part of the epoxy—
anhydride copolymer was able to decompose in the first process
as a consequence of the effective incorporation of S2200 into
the network structure. The rest of the material would have had
a thermal stability similar to that of the unmodified DG

Table VI. Summary of the Thermal Degradation of the Cured Materials
at 10°C/min in a Nitrogen Atmosphere

Peak
Ea (kd/mol
A (kdfmol) temperature Char at
vy relaxation B relaxation Too, (°C) Tse, °C)  (°C) 700°C (%)
DG 29 + 3 59 +1 DG 317+1 352+1 423 +1 6.32 + 0.82
DGS2200 26 + 2 56 =2 DGS2200 260 =12 298 +8 427 =2 5.94 + 0.52

The results are reported as Value + Error.
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The results are reported as Value + Error.
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Figure 6. Isothermal degradation of the cured materials at different tem-
peratures in a nitrogen atmosphere (m/mg is the normalized mass of the
sample, where m is the mass at any stage of the process and m, is the
mass at the beginning).

formulation, with primary ester groups that were less degrad-
able than the secondary ester groups; hence, the peak tempera-
tures were similar.

The isothermal degradation of the two formulations was stud-
ied. Figure 6 shows how the thermal degradation of the
DGS2200 formulation was much faster than that of DG. The
DGS2200 formulation started to decompose significantly before
the isothermal temperature was achieved (up to 30% at 400°C),
despite the high heating rate, in comparison with DG (up to
10% at 400°C). To further clarify the degradation mechanism
of the DGS2200 and DG formulations, the mass fraction of
DGS2200 was corrected by its division by the fraction of
unmodified epoxy—anhydride, and it was plotted against the
mass of the degradation of unmodified DG formulation. In Fig-

1.2 4
1.1 — o
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] o 400°C

0.84
074
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Figure 7. Corrected weight loss of DGS2200 against DG corresponding to
the isothermal degradation experiments (m/m, is the normalized mass of
the sample, where m is the mass at any stage of the process and m, is the
mass at the beginning).
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Figure 8. FTIR spectra of the cured DGS2200 formulation before and af-
ter degradation at 300°C.

ure 7, it is clearly shown that once the degradation of the $2200
structure took place, the degradation rate of the remaining ma-
terial was the same as that of the unmodified DG. This result
was in good agreement with the overlapping of the degradation
peaks shown in Figure 5.

The materials were analyzed after the isothermal treatment. At
400°C, only a small amount of char was left. However, when
the treatment was performed at 300°C, a material with a similar
appearance to that of the cured one was obtained, with a T, of
108 and 97°C for the DG and DGS2200 formulations, respec-
tively. Figure 8 compares the spectra corresponding to the
DGS2200 thermoset after curing and after degradation at 300°C
(there was a 27% weight loss after this treatment). We observed
a significant reduction in the intensity of the ester band at 1730
cm !, a shift of the band associated with carboxylic acid down
to 1700 cm ™', a decrease in the tertiary amide band at 1650
cm ™', and a growth in the O—H stretching band between 3200
and 3600 cm™'. These observations were in agreement with the
occurrence of a ff-elimination mechanism, which led to carbox-
ylic acid and C=C formation, as reported previously,”*° and
also indicated the early decomposition of the S2200 fraction.

To sum up, S2200 had a positive effect on the degradation rate
of DGS2200, especially at the beginning; this resulted in a
shorter degradation time and may have helped to optimize the
thermal pyrolysis of the coating and its removal from the
substrate.

Thermal Conductivity

In the case of polymers, phonons are the primary mechanism
of heat conduction. The thermal conductivity of polymers
depends on many factors, namely, the chemical constituents,
structure type, molecular density distribution, bond strength,
and type of defects or structural faults. Also, the size of inter-
mediate range order, processing conditions, and temperature
play significant roles in the heat-transfer phenomenon.”” Addi-
tionally, the incorporation of each new phase into the investi-
gated system leads to the enhancement of phonon scattering at
the interface.”

J. APPL. POLYM. SCI. 2013, DOI: 10.1002/APP.38453
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Table VII. Thermal Conductivities of DG and DGS2200 at 300 K

Thermal conductivity (W-m~1.K™1)

DG 0.187 = 0.009
DGS2200 0.162 + 0.008

The results are reported as Value + Error.

The results of the thermal conductivity measurements at 300 K
for each sample are shown in Table VII. One can see that for
the modified DGS2200 samples, the thermal conductivity
decreased in comparison with the reference DG sample. The
addition of the hyperbranched polyesteramide S2200 possibly
increased phonon scattering, and as a result, heat transfer
within the sample was hindered. This was not beneficial from
the application point of view because effective heat dissipation
is of key importance for preventing excessive temperatures dur-
ing the operation of an apparatus.”® However, the values were
still valid and within specifications when we took into the fact
that a mineral filler is, nevertheless, used to improve the ther-
mal conductivity, among other reasons. There was an important
difference between DG and DGS2200 in terms of network v,
and this might have contributed to the reduction in the thermal
conductivity, but the available free volume in the network was
very similar in both cases, as indicated by the calculations based
on the TTS analysis and the similar Ty values.

Mechanical Tests

The results of the mechanical tests are shown in Table VIII. We
observed that the use of S2200 increased both IS, as in previous
works,'” and also the microhardness. The increase in IS could
be justified by the lower v, of the DGS2200 network and its bet-
ter damping capability compared with DG, as observed in the
DMA of these formulations. This effect was discrete, however,
compared with other thermosetting formulations modified with
phase-separating HBPs.’

The use of S2200 was, nevertheless, beneficial because it
improved the resistance of the thermoset to demanding me-
chanical conditions, such as abrasion and crack resistance,
where toughness plays a significant role.'” Another important
factor is the thermal coefficient difference between the matrix
and the filler. The fact that the thermal expansion coefficient of
DGSS2200 below Ty, was lower (see previous discussion),
coupled with its enhanced toughness, may have both contrib-
uted to the increase in the durability of the filler-reinforced

material.'’

CONCLUSIONS

The use of S2200 as a polymeric modifier of epoxy—anhydride
thermosets for electrical applications was explored. The effect of
§2200 on relevant properties was assessed and related to the
network structure of the modified thermoset.

The incorporation of S2200 significantly reduced the crosslink-
ing of the resulting epoxy—anhydride thermosets. However, Ty
was hardly affected and was still within the application specifi-
cations. This was ascribed to a mobility restriction imposed by
the incorporation of S$2200 into the network structure and
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Table VIII. Summary of the Mechanical Tests Performed on the DG and
DGS2200 Samples

IS (kJ/m?) HKN
DG 3.0+04 127 1.0
DGS2200 35+06 181 1.2

The results are reported as Value + Error.

extensive H bonding within the network structure; this offset
the increase in the free volume caused by the reduction in v..
DEA showed that the permittivity increased with the incorpora-
tion of $2200; this could be explained by the significant increase
in the amount of polar groups within the network structure
and the lower v, of the resulting thermoset. This was beneficial
from the application point of view because of the higher break-
down strength of the modified thermoset. Both DMA and DEA
gave a consistent picture of the network structure of the
analyzed thermosets, which had very similar network relaxation
dynamics. The fact that the thermal conductivity was reduced
by the incorporation of S$2200 was not beneficial because it
made difficult the dissipation of heat, but when we took into
account the fact that inorganic fillers are used for that purpose,
this effect was of little significance. The lower thermal expansion
coefficient of the modified thermoset reduced the thermal
expansion mismatch between the matrix and the filler and,
thus, reduced the formation of internal stresses. This, coupled
with the enhanced IS, should contribute significantly to enhance
the durability of the material.

$2200 decreased the thermal stability of the formulation and,
thus, shortened the degradation time. This effect was observed
primarily at the beginning of degradation and could be associ-
ated with the thermal decomposition of S2200 and the fraction
of epoxy—anhydride copolymer directly attached to S2200. This
opened the way for the optimization and control of the thermal
degradation of the components once their service lives are over
to recover the substrate.

To sum up, S2200 is a promising polymeric modifier for use in
the modification of epoxy—anhydride formulations because the
thermal degradability of the modified thermosets is significantly
enhanced and its relevant material properties are not sacrificed;
this fulfills the demands of application.
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