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» We compare the isoconversional curing kinetics of DGEBA/1.0GPPI and DGEBA/PAN4.
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» TG analysis shows the two cured epoxy systems are thermally stable up to 200 °C.

» DMA results reveal the viscoelastic response of the two cured networks differs greatly.
» PAN4 greatly improves the shear, impact strengths and processability of the epoxy.

ARTICLE INFO

ABSTRACT

Article history:

Received 4 February 2012
Received in revised form

13 November 2012
Accepted 24 November 2012

Keywords:

Polymers

Differential scanning calorimetry (DSC)
Computer modelling and simulation
Thermogravimetric analysis (TGA)
Mechanical properties

Acrylonitrile-modified aliphatic amine adducts are often used as curing agents for room-temperature
epoxy formulations (coatings, adhesives, sealants, castings, etc.), yet the curing reaction and properties
of resultant epoxy systems still remain less fundamentally understood. Herein we systematically
investigate our newly-developed acrylonitrile-modified multifunctional polyamine curing agent for
bisphenol A epoxy resin (DGEBA): an acrylonitrile-capped poly(propyleneimine) dendrimer (PAN4). The
impact of the molecular structure of PAN4 and a controlled poly(propyleneimine) dendrimer (1.0GPPI)
on the curing reactivity, reaction mechanisms, thermal stability, viscoelastic response and mechanical
properties of the epoxy systems are highlighted. Differential scanning calorimetry (DSC) confirms
DGEBA/PAN4 shows markedly lower reactivity and reaction exotherm than DGEBA/1.0GPP], and the
model-free isoconversional kinetic analysis reveals that DGEBA/PAN4 has the generally lower reaction
activation energy. To be quantitative, the progress of the isothermal cure is predicted from the dynamic
cure by using the Vyazovkin equation. The isothermal kinetic prediction shows that DGEBA/PAN4
requires about 10 times longer time to achieve the same conversion than DGEBA/1.0GPPI, which agrees
with the experimentally observed much longer gel time of DGEBA/PAN4. Subsequently, dynamic
mechanical analysis shows that PAN4 results in the cured epoxy network with the lower (- and glass-
relaxation temperatures, crosslink density, relaxation activation energy, enthalpy, entropy, but the
higher damping near room temperature than 1.0GPPIL Finally, thermogravimetric analysis (TGA)
demonstrates cured DGEBA/PAN4 is thermally stable up to 200 °C, and mechanical property tests
substantiate that PAN4 endows the cured epoxy with much higher impact and adhesion strengths than
1.0GPPL Our data can provide a deeper insight into acrylonitrile-modified aliphatic amine curing agents
from the two good model compounds (PAN4 and 1.0GPPI).

© 2012 Elsevier B.V. All rights reserved.
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1. Introduction

Epoxy resins have many attractive properties such as high
adhesion strength, dimension stability, low cure shrinkage, excel-
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processability, etc., hence accounting for their extensive
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applications in anticorrosive coatings, composite matrices, potting
materials, electronic-packaging molding compounds, structural
adhesives, sealants, and so on [1—-3]. Uncured epoxy resins are
composed of monomers and/or oligomers having two or more
reactive epoxy groups, and in practical applications they must be
transformed to a highly crosslinked network in the presence of
curing agents. The most wildly used epoxy resins holding about
80% market share belong to the bisphenol-A type with different
molecular weight ranges. The ultimate bulk properties of epoxy
resins depend strongly on properly selecting a properly selected
curing agent under optimal curing conditions. In general, epoxy
curing agents include amines, acid anhydride, phenolic resins,
mercaptans, etc., among which amines are the most important. In
particular, aliphatic amines are highly reactive and can cure epoxy
resins well even at room temperature, so that they find vast usages
in room-temperature epoxy coatings and adhesives.

Nevertheless, conventional aliphatic-amine curing agents have
low molecular weights, which leads to their high volatility, strong
toxicity, skin sensitization, very strict dosage, “surface flush”
resulting from the rapid absorption of carbon dioxide and vapor in
air, and so on [4,5]. For this reason, usually low-molecular-weight
aliphatic amine curing agents are modified chemically to increase
molecular weights and to achieve desired properties such as
reduced volatility and toxicity, increased dosage and pot life,
improved flexibility, surface appearance and mechanical perfor-
mances, etc., and they are most frequently modified by acrylonitrile
or butyl-glycidylether. On the other hand, recently the use of
dendritic aliphatic amino-terminated dendrimers such as poly(-
propyleneimine) (PPIs) [6—12], polyamidoamine (PAMAMs) [13,14]
and poly(ester-amine) (PEAs) [15] as novel curing agents are
capturing increasing research interest. These dendrimers have the
much high molecular weights combined with extraordinarily high
functionalities compared to conventional aliphatic amines, so that
they show low volatility and high reactivity. More interestingly,
PPIs, consisting only of C—C and C—N linkages, can be used as raw
materials to produce novel amine adducts by a suitable chemical
modification method [16,17]. These resulting amine adducts may
have more sophisticated properties, because PPIs have the high
functionalities, reactivity, branched molecular structure, and
excellent thermal stability.

For example, in 2011 we reported two kinds of novel amine
adduct curing agents for epoxy resins: butylglycidylether-modified
poly(propyleneimine) dendrimers (PB2 and PB4) [16] and
acrylonitrile-capped poly(propyleneimine) dendrimer (PAN4) [17].
We found that curing reaction of the epoxy systems are greatly
affected by the attached butylglycidylether and acrylonitrile
moieties of these curing agents. In particular, as demonstrated in
Scheme 1, PAN4 has four reactive amino groups with high nitrile
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group content and precise molecular symmetry. We have estab-
lished a rate equation to predict the nonisothermal curing rate
constant of DGEBA/PAN4. Nevertheless, to date there are lack of the
systematic efforts dedicating to the reaction mechanisms,
isothermal curing kinetics, and properties of cured DGEBA/PAN4,
and especially there remains a need for more comprehensive
research to elucidate how the —CH,CH,CN substituent on the
amino groups of PAN4 affects the curing characteristics, thermal
and bear-loading properties of the epoxy system. Such knowledge
is important to better design and further guide better applications
of acrylonitrile-modified dendritic polyamines curing agents.

In this work, we investigate the model-free isoconversional
curing kinetics, dynamic mechanical properties, thermal decom-
position, and mechanical properties of DGEBA/PAN4 and DGEBA/
1.0GPPI in a systematic and comparative way. We shall elucidate
how acrylonitrile-capped PAN4 affects the curing mechanisms,
isothermal kinetics, processability, thermal, and dynamic and
static mechanical properties of the resulting epoxy systems. Our
current contribution will provide the comprehensive data to
better understand properties of acrylonitrile-modified aliphatic
amine curing agents, which is expected to be helpful for molecular
design and further applications of aliphatic amine adduct curing
agents.

2. Experimental
2.1. Materials

Ethylenediamine and acrylonitrile were purchased from
Shanghai Reagent Co., Ltd., China, and were purified by reduced-
pressure distillation. Propanediamine (Acros Organics) was used
as received. Diglycidylether of bisphenol-A (DGEBA) (EEW = 196 g/
equiv.) was obtained from Heli Resin Co., Ltd., China and dried
at 100 °C in vacuum for 1 h before use. N,N,N',N’-tetra(3-
aminopropyl) ethanediamine (1.0GPPI) was prepared from ethyl-
enediamine, acrylonitrile and H; according to published procedures
[18,19]. The acrylonitrile-capped poly(propyleneimine) dendrimer
(PAN4, CAS register number: 1267530-15-3) [17] has been synthe-
sized in our laboratory for the first time. The molecular structures of
DGEBA, 1.0GPPI and PAN4 are illustrated in Scheme 1.

2.2. DSC measurements

The nonisothermal curing reactions of DGEBA/1.0GPPI and
DGEBA/PAN4 were followed by a PerkinElemer differential scan-
ning calorimeter (DSC-7). All the DSC experiments were performed
under Ny protection, the scanning temperature was from 25 to
250 °C, and the heating rates were 5, 10, 15, and 20 °C min~. The
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Scheme 1. Molecular structures of DGEBA, 1.0GPPI and PAN4.
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nonisothermal heat flow as a function of temperature and time for
the cure of DGEBA/1.0GPPI and DGEBA/PAN4 (epoxy group: amino
hydrogen = 1:1 by mole) was illustrated in our previous publication
[17].

2.3. Preparation of casting specimen

Stoichiometric DGEBA and 1.0GPPI, PAN4 or propanediamine
were mixed well at room temperature and then poured into
a preheated steeliness module. The module was transferred into an
oven under reduced pressure for 5 min to drive off entrapped
bubbles. The following temperature programs were used to finish
the cure process in an air-blast oven: 70 °C/3 h + 150 °C/2 h for
DGEBA/1.0GPPI and 80 °C/12 h for DGEBA/PAN4.

2.4. Property characterization

A dynamic mechanical analyzer (DMA Q800, TA instruments,
USA) was used to examine the dynamic mechanical properties of
the cured epoxy bars (dimension: 35 mm x 10 mm x 2 mm) with
the heating rate of 3 °C min~' from —100 °C to well above the glass
temperature. The loading frequencies were 1, 3, 6,12 and 24 Hz, the
displacement amplitude was fixed as 15 pm, and the single canti-
lever clip was selected.

A thermogravimetric analyzer (PerkinElmer Pyris 1 TGA, USA)
was used to analyze the thermal decomposition process of the
cured epoxy. About 2—3 mg of the cured epoxy was subjected to
thermogravimetric analysis under dynamic N, protection, and the
heating rate was 10 °C min~! with temperature ranging from 40 to
850 °C.

A Zwick/Roell Z020 Universal testing machine (Germany) was
used to determine the flexural strengths of the cured epoxy spec-
imen (dimension: 80 mm x 10 mm x 4 mm) according to GB
T2570-1995 at 25 °C with the heading speed of 10 mm min~'. The
five specimens without bubbles were selected for the test.

A CEAST impact tester (Italy) was used to determine the Charpy
impact strength of the cured epoxy specimens (dimension:
80 mm x 10 mm x 4 mm) in light of GB/T2567—1995 at 25 °C. The
five specimens with a “V”-type notch were examined.

A Zwick/Roell Z020 universal testing machine was used to
measure the shear strength of the epoxy-amine adhesives. To
bonded substrate of two steel pieces (after cure at room tempera-
ture for 72 h), a vertical tensile stress was applied at the speed of
2 mm min~! until rupture occurs. The shear strength was estimated
in terms of 7 = P/BL where 1 is the shear strength, P is the maximum
load applied to the bonded surface, and BL is the bonded surface
area. The five parallel specimens were tested.

Gel time of the epoxy-amine reaction mixture was estimated at
room temperature. The stoichiometric DGEBA and curing agent
(about 5 g) were mixed homogenously in a test tube immersed in
a constant-temperature water bath (25 °C). The recorded time for
the reaction mixture to lose its macroscopic flow ability was
considered as the gel time.

2.5. Fundamentals of model-free isoconversional analysis

The primary objectives of model-free isoconversional kinetic
analysis are to estimate a dependence of effective activation energy
on conversion and temperature, and further using this dependence
makes kinetic predictions and exploring mechanisms of thermally
stimulated physical or chemical processes [20]. The greatest
advantage of such kind of kinetic analysis is general applicability
without applying any specific kinetic models. For thermosets,
optimal curing conditions depend strongly on reaction mecha-
nisms and kinetics, so that accurately modeling cure is crucial [21].

More specifically, curing reactions of epoxy resins are highly
exothermic because of ring opening of epoxy groups. In this case,
registered DSC heat flow is assumed to be directly proportional to
conversion of epoxy groups, as expressed by
1 [dH
= | —dt 1
“ = A (M

de
0

where H is the DSC heat flow, t is the reaction time, and AH, is the
total reaction exotherm. Accordingly, reaction rate, de/dt, can be
written as

da  dH/dt
dt = AH,

= k(T)f (@) (2)

where Kk(T) is the temperature-dependent rate constant. k(T)
follows the Arrhenius law.

k(T) = Aexp (—%) (3)

In Eq. (3), where A is the frequency factor, E, is the activation
energy, and R is the universal gas constant (8.314 ] mol~! K~ 1).
Derivation of Eq. (2) with respect to 1/T yields Eq. (4):

{alnéc;ﬁdt)} _ [al;Tli(]T)} +[61;1T{(1a)]

(4)
fla) is the constant for given «, and thus Eq. (4) can be reduced to

[aln(da/dt)} _ [M}

oT-1 oT-1 (5)

On the basis of Eq. (5), a number of isoconversional methods
have been developed, for example, the well-known Friedman [22],
Flynn—Wall—Ozawa [23,24], Kissinger—Akahira—Sunose [25], and
advanced isoconversional (Vyazovkin) [26—28] methods. In
particular, due to its great accuracy and applicability to vast
temperature programs, in this work the Vyazovkin method has
been used to kinetic data analysis. To illustrate, for a thermal
process carried out with multiple linear temperature programs, the
Vyazovkin method can be expressed by

I(E —1
Z Z @ Tai) = min (6)
i=1 j#i (EO(7T(XJ)6
T, c
I(Ea,Tyi) = / exp {RTﬂ dT (7)
To

where §; and (; represent the different heating rates, A« is the
conversion increment (usually 0.02), and T, and T,_a, are the
reaction temperature for « and « — Ag, respectively. Minimizing Eq.
(6) for each « will result in an E, — « correlation. Moreover, on
the basis of E, isothermal conversion can be predicated from the
Vyazovkin equation [29,30]:

Ty
/ exp (RTa ) dT
0

_E
6ex< “)
P\RTso

where t, is the reaction time for « and Tis, is the isothermal reaction
temperature.

ta =

(8)
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3. Results and discussion
3.1. Reactivity of DGEBA/1.0GPPI and DGEBA/PAN4

We examined the reactivity of curing agents, PAN4 and control
1.0GPPI, by using the nonisothermal DSC. Fig. 1 presents the
representative heat flow—temperature curves of curing reactions of
DGEBA/1.0GPPI and DGEBA/PAN4 with the heating rate of
5 °C min~!, where the downward exothermic peak corresponds to
the ring-opening reaction of epoxy groups under attack of amino
groups. DGEBA/1.0GPPI shows the more extensive exothermic peak
and much lower peak temperature than DGEBA/PAN4. The high
exothermic peak temperature of DGEBA/PAN4 indicates that the
acrylonitrile-substituted amino groups have the much low reac-
tivity, because this substituent lowers the electron cloud density on
nitrogen of the substituted amino groups due to the induction
effect [17]. Moreover, the reaction heat estimated from the
exothermic peaks is 510.8 ] g~! for DGEBA/1.0GPPI and 297.2 ] g~!
for DGEBA/PAN4. The decreased exotherm of DGEBA/PAN4 results
from the much high molecular weight but the half reduction in the
functionalities of PAN4 (f = 4) as opposed to 1.0GPPL

3.2. Effective activation energy of nonisothermal curing reactions

To examine the mechanisms of the curing reaction, the effective
activation energy was determined and analyzed. Fig. 2 displays the
curing curves of the fractional conversion as a function of the
reaction temperature of DGEBA/1.0GPPI and DGEBA/PAN4 with the
heating rates of 5,10, 15 and 20 °C min~ . These conversional curves
exhibit the sigmoid profile, and the curves shift towards the higher
temperature as the heating rate increased; i.e., the higher the
heating rate, the higher the temperature for the reaction to reach
the identical conversion. From Fig. 2, the effective activation energy
was determined using the Vyazovkin method (Egs. (6) and (7)).

As shown in Fig. 3, at the beginning of the curing reaction E,
decreases with «. This finding may result from the dramatic
decrease in the viscosity with increasing temperature and the
autocatalysis of the reaction, because these two effects lead to the
decrease of the respective energetic barriers for the pure chemical
reaction and the molecular diffusion. More interestingly, E, of
DGEBA/1.0GPPI is generally higher than that of DGEBA/PAN4 except
for « higher than 0.9, which can be interpreted as follows. The —
CH,CH,CN substituent on the amino groups of PAN4 may lead to
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Fig. 1. Reprehensive DSC curves of nonisothermal curing reactions of DGEBA/1.0GPPI
and DGEBA/PAN4 at heating rate of 5 °C min~".
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Fig. 2. Conversion of isothermal cure as a function of reaction temperature for
different heating rates. (A) DGEBA/1.0GPPI and (B) DGEBA/PAN4.

the decreased energetic barrier for the reacting intermediates of
DGEBA/PAN4 by the dipole—dipole interaction (thus increasing the
polarity of the reaction medium). On the other hand, when the
reaction achieves the same conversion, the reaction temperature of
DGEBA/PAN4 is much higher than that of DGEBA/1.0GPPL In this
case, the reaction intermediates of DGEBA/PAN4 may be more
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Fig. 3. Effective activation energy as a function of conversion and temperature for
nonisothermal curing reactions of DGEBA/1.0GPPI and DGEBA/PAN4.
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Fig. 4. Predicted conversion curves of curing reactions of DGEBA/1.0GPPI and DGEBA/
PAN4 at 40, 80 and 120 °C.

sufficiently activated at the higher temperature. The dipole—dipole
interaction and the higher reaction temperature of DGEBA/PAN4
lead to the lower energetic barriers for the curing reaction. As the
reaction progresses into the deep-conversion stage, E, of DGEBA/
1.0GPPI tends to decrease, but that of DGEBA/PAN4 increases
slightly. The former decrease can be attributed to the diffusion-
associated reaction kinetics, because the reaction temperature is
close to the glass temperature of the epoxy system. And the latter
increase can be attributed to the etherification between the epoxy
and hydroxyl groups, since in this conversion range the reaction
temperature is rather high (>170 °C). In the intermediate conver-
sion range (0.2 < a < 0.8), E, varies with « slightly, which may
implicate that the influences of autocatalysis, viscosity, conversion,
reaction temperature and other factors on the reaction kinetics
achieve a quasi dynamic balance.

3.3. Isothermal kinetic prediction from nonisothermal data

The Vyazovkin equation (Eq. (8)) was used to predict the
isothermal conversion of DGEBA/1.0GPPI and DGEBA/PANA4. Fig. 4
displays the predicated conversional curves for 40, 80 and 120 °C,
and Table 1 compares the time for some typical conversions. The
predicted data show that the reaction time of the two systems
decreases systematically with the increased temperature, and
1.0GPPI reacts with DGEBA much faster than PAN4. For example, if
the reaction temperature rises from 40 to 80—120 °C and when the
two reactions reach the same conversion of 20%, the reaction time
of DGEBA/1.0GPPI deceases from 44.8 to 2.4 to 0.23 min and that of
DGEBA/PAN4 decreases from 199 to 20.2 to 3.2 min. The much
longer reaction time of DGEBA/PAN4 is due to the appreciably
decreased reactivity of PAN4 attributable to the electron-
withdrawing effect of the CNCH,CH,— substituent that causes the
weakened nucleophilicity of the substituted amino groups towards

Table 1
Predicated reaction time to selected conversion for isothermal cure of DGEBA/
1.0GPPI and DGEBA/PAN4 at 40, 80 and 120 °C.

Conversion (%) DGEBA curing time for different temperatures (min)

40 °C 80 °C 120 °C

1.0GPPI  PAN4 1.0GPPI  PAN4 1.0GPPI PAN4
20 44.8 199 24 20.2 0.23 32
50 102 536 6.5 54.0 0.71 8.7
80 178 968 14.1 103 1.9 17.3
98 333 3480 41.6 294 7.9 41.1

the epoxy rings by lowering the electron cloud density on the
nitrogen of the amino groups. In addition, the —CH;CH,CN
substituent also increases the spatial hindrance of the substituted
amino groups. Noticeably, the increased reaction time also suggests
that PAN4 results in the resulting epoxy system with the much
longer pot life, which will facilitate mixing and processing of
resulting epoxy formulations greatly.

3.4. Viscoelastic relaxations and crosslink density of the cured
epoxy

The viscoelastic relaxation and crosslink density of the cured
epoxy network were examined from the dynamic mechanical
analysis (DMA). Fig. 5 displays the reprehensive DMA spectra (1 Hz)
for storage modulus E’ and damping factor tan ¢ (6 = E”/E’, where E”
is the loss modulus) vs. temperature for the two cured networks.
DGEBA/1.0GPPI exhibits a slightly higher E' value than DGEBA/
PAN4 at the lower temperature range; for instance, as shown in
Table 2 at —100 °C E’ of the DGEBA/1.0GPPI and DGEBA/PAN4
networks is 6024 and 5922 MPa, respectively. These data demon-
strate that although 1.0GPPI has the much lower molecular weight
in combination with the doubled N—H functionalities leading to the
more tightly crosslinked network, DGEBA/1.0GPPI still has close E’
value compared with DGEBA/PAN4. This finding implicates that
DGEBA/PAN4 has the stronger non-covalent bond interaction than
DGEBA/1.0GPPI, especially at the low temperature range
(<—100 °C). In addition, a small relaxation is observed below 0 °C
and can be assigned to the ( relaxation of the epoxy-amine
networks associated with the local motions of the —CH,CH(OH)
CH,O0— sequences [31—34]. In comparison, the ( relaxation
temperature Tg of DGEBA/PAN4 (—61.4 °C) is much lower than that
of DGEBA/1.0GPPI (—34.5 °C). The lowered Tz is due to the
decreased functionalities and increased molecular weight of PAN4
which lead to the much lower crosslink density of DGEBA/PAN4
network and thus the motions of the —CH,CH(OH)CH,0— units
become less restricted. In addition, DGEBA/PAN4 shows the much
lower the altitude (peak height) than DGEBA/1.0GPPI, because of
the decreased number of the —CH,CH(OH)CH,0— units of DGEBA/
PAN4 compared to DGEBA/1.0GPPI.

In an intermediate temperature range (—20 to 20 °C), DGEBA/
PAN4 takes the higher E’ value than DGEBA/1.0GPPI (Fig. 5). This
observation contradicts with our common belief that the higher the
crosslink density, the higher rigidity of the thermosetting networks
exhibit. In fact, our finding is quite similar to a previous report [35]
from the other epoxy-amine networks that the less crosslinked the
epoxy-amine network, the higher modulus it showed in an ambient
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Fig. 5. Storage modulus E’' and damping factor tan ¢ as a function of temperature. (1)
DGEBA/1.0GPPI and (2) DGEBA/PAN4 networks at 1 Hz.
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Table 2
Characteristic parameters (1 Hz) for relaxation of DGEBA/1.0GPPI, DGEBA/PAN4 and
DGEBA/propanediamine (quoted from Ref. 8) networks.

DGEBA/ DGEBA/ DGEBA/

1.0GPPI PAN4 propanediamine
a-relaxation (Tg)/°C 147.3 54.1 131.8
gB-relaxation (Tg)/°C —34.5 —61.4 -39.9
Modulus (—100 °C)/MPa 6024 5922 6044
Modulus (20 °C)/MPa 2811 2802 2860
Rubber modulus/MPa 67 13 37
Crosslink density/mol m—> 5963 1459 3144

temperature range. The reason for our finding is as follows. The
strong dipole—dipole interaction among the —CH>CH,CN groups
increases the cohesion energy density of the segments in DGEBA/
PAN4 at the glass state, which results in the increased stiffness of
the cured network. On the other hand, the § relaxation of DGEBA/
1.0GPPI need invoke a larger number of the neighboring segments’
cooperative motions compared to less crosslinked DGEBA/PAN4, so
that we observe that the higher damping (loss of storage elastic
energy) occurs during the ( relaxation associated with plastic
deformation of the DGEBA/1.O0GPPI network. Collectively, the
dipole—dipole interaction and the damping associated with the
G relaxation cause that the E’ value of DGEBA/PAN4 surpasses that
of DGEBA/1.0GPPI in this temperature range.

As the temperature further increases, E’ of the networks drops
sharply from over 1000 MPa to below 100 MPa, while Tan ¢ goes
through the maximum. These observations are indicative of the
glass-rubber relaxation of the networks arising from the cooperative
motions of the whole network chains. The data in Table 2 show that
DGEBA/PAN4 has much lower T; for Tan dmax (54.1 °C) than DGEBA/
1.0GPPI (147.3 °C). Decreased T is associated with the dangling —
CH,CH,CN segments from PAN4 which increase the average chain
length and in turn decrease the crosslink density of the DGEBA/PAN4
network. What is more, the —CH,CH,CN segments, functioning as
the chain ends, may increase the free volume of the network. Fig. 5
also shows that the glass relaxation temperature range of the
DGEBA/PAN4 network is broader and the altitude is higher
(Tan dmax > 0.8) in comparison with DGEBA/1.0GPPI. This phenom-
enon results from the boarder chain distribution of the DGEBA/PAN4
network. Note here that such high Tan ¢ near the room temperature
range likely manifests the promise of DGEBA/PAN4 for room-
temperature damping materials [36].

At the rubbery state, the two networks manifest very small EF/
with the plateau value of a few dozens of mega pascals, and the
rubbery modulus E; is taken as E’ for Ty + 30 °C. As shown in Table 2,
DGEBA/1.0GPPI has a much higher E; (67 MPa) than DGEBA/PAN4
(13 MPa), which is associated with the much difference in crosslink
density of the networks. From E;, the crosslink density ve can be
estimated using Eq. (9) [36—39]:

— Er
~ 3RT;

Ve

(9)

where T; is the absolute temperature (K) for E; and R is the universal
gas constant. As seen in Table 2, DGEBA/1.0GPPI has much higher v,
than DGEBA/propanediamine (3144 mol m3), and the reason is
that 1.0GPPI has the branched molecular structure, which in turn
lead to the additional crosslinks in the network. Moreover, DGEBA/
PAN4 exhibits the much lower ve value than DGEBA/1.0GPPI (1459
vs. 5963 mol m—3), largely because of the decreased number of the
N—H functionalities and increased molecular weight of PAN4.
Another contributing factor is the —CH,CH,CN segments that
increase the free volume of the network by increasing the number
of the chain ends, which may partiality respond for decreased E;
and thus ve. Note that the —CH,CH,CN segments contribute to the

high E’ value of DGEBA/PAN4 via the strong dipole—dipole inter-
action when the network is at the glassy sate, whereas in the
rubbery state they affect E' negatively due to the decreased number
of crosslink density. To illustrate, at the rubbery state, the network
chains have processed enough kinetic energy to eliminate the
influence of the dipole—dipole force (the non-covalent bond
interaction) among the —CH,CH,CN segments. In this case, the
crosslink density is more important in determining the stiffness of
the network instead of the non-covalent segment interaction.

3.5. Relaxation activation energy
Activation energy is an important parameter for characterizing

viscoelastic responses of polymer networks, and its value can be
calculated from the Arrhenius equation [36—44]; see Egs. (10)—(11):

= foex ) (10)
B d(Inf)
E= ‘R[du/m (1n)

where f is the frequency, fp is the pre-exponential factor, E is the
relaxation activation, R is the gas constant (8.314 J mol~! K1), and
Tr is the relaxation temperature. According to Eq. (11), a set of
dynamic mechanical measurements at different frequencies need
carrying out to result in a set of f—Tg data, and then linearly fitting
In f with respect to 1/Tg gives rise to E value.

Here a multi-frequency DMA technique was used to determine the
relaxation activation energy of the DGEBA/PAN4 and DGEBA/1.0GPPI
networks. Fig. 6 displays the plots of Tan ¢ against the temperature for
fof1,3,6,12 and 24 Hz, from which the relaxation is found to shift
towards a higher temperature as fincreases. Accordingly, Table 3 lists
the relaxation temperatures for Tan 6, T, and Tg, and the corre-
sponding temperatures for loss modulus E”. The data demonstrate
that T, and Tg increase systematically with increased f, but the
amplitude changes slightly. The ( relaxation temperatures seem more
sensitive to f compared to the a-relaxation, which is likely associated
with the difference in the activation energy for the two relaxations.

From the data in Table 3, a plot of In fagainst 1/T is constructed
in Fig. 7. The slopes of the fitted straight lines give rise to the
activation energy for the « and ( relaxations; see Table 4. Note here
that the plot of 1/Tjess (for loss modulus) against In f yields a rela-
tively poor linear correlation, especially for the « relaxation, which
is similar to the result from the other epoxy-amine networks [41].
Thus, it is more reasonable to use T,y s—f data to estimate E, and Eg,
and the data are shown in Table 4.

E, is much higher than the corresponding Eg, which can support
the motions of the whole network chains. The cooperative motions of
the segments need much higher energetic energy than the localized
motions of the —CH,CH(OH)CH,0— segments. By comparison, E, of
DGEBA/1.0GPPI is more than two times that of DGEBA/PAN4, which
can be attributed to the dramatic change in the crosslink density of
the two networks. The much more crosslinked DGEBA/1.0GPPI
network makes the cooperative motions of the chains much more
restricted, so that a larger number of the segments have to be invoked
during the glass relaxation process, eventually leading to the higher
glass-relaxation activation energy. Despite of that, DGEBA/1.0GPPI
shows only slightly higher Eg value than that of DGEBA/PAN4, and this
value is also comparable to several other epoxy-amine networks
[35,40]. This similarity suggests that the crosslink density has little
influence on the fundamental molecular mechanism for the § relax-
ation. In other words, the relaxation mechanisms of the —CH,CH(OH)
CH,0— sequences less depend upon the crosslink density, because
the chain motions involved in the 3 relaxation are restricted in a very
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Fig. 6. Tan d-temperature curve for cured DGEBA/1.0GPPI and DGEBA/PAN4 networks
with oscillation frequency of 1, 3, 6, 12 and 24 Hz.

shortrange, which needs only a slight cooperation of the surrounding
chains.

3.6. Relaxation activation enthalpy and entropy

Relaxation activation energy E can be separated into terms of
activation entropy AH' and activation enthalpy AS' according to the
absolute rate equation (Eq. (12)), and the derived expressions for
AH' and AS' can be expressed as Eqgs. (13) and (14) [35,45—48],
respectively.

f = (kT/2mth)exp( — AH'/RT)exp(AS'/R) (12)
Table 3

« and g relaxation temperatures for DGEBA/1.0GPPI and DGEBA/PAN4 networks at
different frequencies.

f(Hz) DGEBA/1.0GPPI (°C) DGEBA/PAN4 (°C)

Ta,tan 1 Tnz.loss Tﬂ,tan 0 TB,loss Ta,tan 0 Ta,loss Tﬂ,tan 0 Tﬁ.loss
1 147.3 1413 -345 -432 541 384 -614 -654
3 148.5 1408 -283 406 57.2 41.5 —-548 -59.5
6 150.1 1421 -233 344 598 443 -504 -55.6
12 151.6 1434 -174 -281 619 44.7 —-474 -51.1
24 153.7 1451 -13.1 -222 633 46.5 —-424 -48.1

yi

A k| 7/

3.5+

3.0+ « relaxation ® 3 relaxation

713 kJ/mol 71.7 kd/mol

2.54
2.0 1

1.5+

Inf

1.0+

0.5+

004 DGEBA/1.0GPPI

-0.5 T v T T 7 T T
0.00232 0.00236 0.0038

UT(K™)
B o It.f

3.5

T z T
0.0040  0.0042

3.0 « relaxation B relaxation

309 kJ/mol 65.0 kJ/mol

2.5 1
2.0

1.5+

Inf

1.0 1

0.5

1 DGEBA/PAN4
0.0+ GEBa

-0.5 " T T 7,
0.0029 0.0030

T T
0.0044 0.0048

1UT(K™

Fig. 7. Arrhenius plots of In f against 1/T for DGEBA/1.0GPPI and DGEBA/PAN4
networks.

AH' = E —RT' (13)

o E — RT'[1 + In(kT’ /2mh)]
T/

In these equations T’ is the temperature at which E” arrives at

the maximum (1 Hz) as shown in Fig. 8, h is the Planck constant

(6626 x 10734 ] s), and k is the Boltzmann constant

(1.38 x 10723 J K1)

AH' and AS' estimated from Egs. (13) and (14) are shown in
Table 5. AH' is fairly close to the corresponding E, resembling the
case of other epoxy-amine networks [35]. More interestingly,
although AS' for the § relaxation of the two networks differs
slightly, the « relaxation of DGEBA/1.0GPPI takes the higher AS'

AS

(14)

Table 4

Activation energies for « and § relaxations of DGEBA/1.0GPPI and DGEBA/PAN4
networks. Tan ¢ and E” indicate the relaxation activation energies calculated from
the damping and loss modulus peak temperatures, respectively.

E,kjmol™"  Egkjmol™' R, Rg
DGEBA/1.0GPPI Tan ¢ 713 71.7 —0.984 —0.987
E" 657 37.6 -0.879 -0.975
DGEBA/PAN4 Tan 6 309 65.0 -0.995 -0.994
E” 311 69.9 —0.983 -0.997
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Fig. 8. Loss modulus E” as a function of temperature for DGEBA/1.0GPPI and DGEBA/
PAN4 networks (1 Hz).

value than that of DGEBA/PAN4. The reason may be that the
increased crosslink density leads to the increased number of the
cooperative segments motions during the « relaxation, whereas the
localized motions of the —CH,CH(OH)CH,O— sequences could
trigger the very limited cooperative movement of the neighboring
segments. However, in other epoxy-amine networks [35], AS' for
the § relaxation was found to increase with increased crosslink
density, which was attributed to more restricted surrounding of the
—CH,CH(OH)CH,0— segments. This contradicted observation likely
indicates that a compensation mechanism for AS' may exist in the
DGEBA/PAN4 network when considering its much lowered cross-
link density. The reasons are as follows. At the lower temperature
the configuration rearrangement of the molecular chains is to some
extent restricted by the strong dipole—dipole interaction among
the —CH,CH,CN groups, and thus AS' for the § relaxation of DGEBA/
PAN4 increases. On the other hand, the higher crosslink density of
the DGEBA/1.0GPPI network is expected to respond for increased
AS', but the intermolecular interaction in this network is not as
strong as that in the DGEBA/PAN4 network for the § relaxation. For
the a relaxation, on the other hand, DGEBA/1.0GPPI has much
higher AH and AS' than DGEBA/PAN4, which quite differs from the
case of the § relaxation. The higher AH' and AS' values for the
a relaxations of the networks substantiate that the « relaxation
needs much higher kinetic energy than the ( relaxation and result
in the much higher disorder in the networks after the « relaxation.
Noticeably, the very high AH" and E values for the « relaxations
likely implicate the complex microscopic molecular relaxation
mechanisms of the glass relaxation.

3.7. Thermal decomposition behavior

Fig. 9A presents the TG thermographs of cured DGEBA/PAN4 and
DGEBA/1.0GPPI. The result illustrates that DGEBA/1.0GPPI has the
excellent thermal stability up to 270 °C (for 0.5% mass loss),
whereas DGEBA/1.0GPPI is thermally stable up to 200 °C. These

data suggest that 1.0GPPI and PAN4 can endow the cured epoxy
with sufficiently high thermal stability for room temperature
applications such as coatings and adhesives. From Fig. 9B where the
curves of the thermal decomposition rate vs. temperature are
presented, DGEBA/1.0GPPI shows a single peak that can be assigned
to the random rupture of the network chains. This observation
differs greatly from what is found from DGEBA/PAN4, where the
two-step thermal decomposition kinetic schemes can be clearly
identified. The first step appears at the lower temperature with the
peak temperature of =250 °C and the other at the higher
temperature with the peak temperature of =400 °C. Moreover,
DGEBA/PAN4 loses the =16% original mass at 300 °C (Fig. 9A),
which is close to the fraction (=14%) calculated from the —
CH,CH,CN substituent from acrylonitrile in the epoxy system.
This agreement indicates the thermal decomposition of DGEBA/
PAN4 at the relatively low temperature is due to the detachment of
the —CH,CH,CN moieties from the cured epoxy via the retro-
Michael addition mechanism [49]. At the higher temperature
range, the decomposition of DGEBA/PAN4 results from the random
scission of the residual.

Fig. 9A also indicates DGEBA/PAN4 exhibits the lower residual
char yield than DGEBA/1.0GPPI after the high-temperature pyrol-
ysis, suggesting the detachment of —CH,CH,CN moieties promotes
the further thermal decomposition of the cured epoxy resin matrix.
For example, the lower crosslink density of the DGEBA/PAN4
network renders the easier departure of the volatile products at the
higher temperature. After the thermal scission of the —CH,CH,CN
moieties, the further liberation of volatile gaseous products
becomes easier during the higher-temperature pyrolysis, since the
surface area of the pyrolyzate is likely much increased after the first
stage of the thermal degradation. Furthermore, the fraction of the
aromatic moieties is decreased due to the much increased stoi-
chiometry of the reactive amino hydrogen (N—H) of PAN4
(125 g mol~!) compared to 1.0GPPI (30.4 g mol~!), which partially
responds for the decreased yield for DGEBA/PAN4. In summary, the
introduction of the —CH,CH,CN moieties into the DGEBA/PAN4
system moderately decreases the thermal stability, but the cured
epoxy still has the high enough thermal stability to satisfy the room
temperature applications.

3.8. Mechanical properties and gel time

To further investigate the other properties of PAN4, in Table 6 we
compared the flexural, impact, shear strengths and the gel time of
the propanediamine-, 1.0GPPI- and PAN4-cured epoxy systems.
DGEBA/1.0GPPI and DGEBA/propanediamine have the comparable
flexural strength, but the former exhibits the lower impact strength
and shorter gel time. The decreased impact strength is owing to the
higher crosslink density of DGEBA/1.0GPPI, which causes the less
elastic deformation of the network before rupture. On the other
hand, the shortened gel time is due largely to the doubled N—H
functionalities of 1.0GPPI compared to propanediamine (8 vs. 4).
Interestingly, DGEBA/1.0GPPI shows the much higher shear
strength than DGEBA/propanediamine. This finding is likely asso-
ciated with the stronger adhesion between the cured epoxy matrix
and bonded steel surface, since the tertiary amino groups from

Table 5
Activation enthalpy AH', entropy AS', and temperature for peak loss modulus (1 Hz) Tjoss of DGEBA/1.0GPPI and DGEBA/PAN4 networks.
o Relaxation 8 Relaxation
AH' k] mol™! AS' ] K~ mol™! Tioss °C AH' k] mol™! ASTJ K~ mol™! Tioss °C
DGEBA/1.0GPPI 709 1630 141.3 69.8 222 —43.2
DGEBA/PAN4 306 902 384 63.3 223 -65.4
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Fig. 9. TG and DTG thermographs of cured DGEBA/1.0GPPI and DGEBA/PAN4 in N,
(10 °C min™1).

1.0GPPI are expected to able to more tightly associate with ferrous
atoms at the bonded surface.

Compared to DGEBA/propanediamine and DGEBA/1.0GPPI, the
flexural strength of DGEBA/PAN4 is decreased by about half, because
of the much decreased crosslink density of the DGEBA/PAN4
network. The decreased crosslink density even leads to the yielding
of DGEBA/PAN4 before rupture. Impressively, the impact strength,
shear strength and gel time of DGEBA/PAN4 are increased by several
folds compared to the other two systems. The enhancement in the
impact strength can be attributed to the increased molecular
mobility which causes the much higher impact energy being dissi-
pated via the plastic deformation mechanism before rupture. On the
other hand, the dramatically increased shear strength of DGEBA/
PAN4 is owing to the —CH,CH,CN substituent of PAN4. The —
CH,CH,CN substituent is expected to produce the much stronger
adhesion at the bonded surface because of the strong interaction

Table 6
Mechanical properties and gel time of DGEBA/1.0GPPI, DGEBA/PAN4, DGEBA/pro-
panediamine systems.

Flexural Impact Shear Gel time

strength strength strength at 25 °C

MPa k] m—2 MPa min
DGEBA/propanediamine 1020+ 6.1 32+0.7 24+04 170—-190
DGEBA/1.0GPPI 96.8 +4.3 23 +07 40+ 04 130-150
DGEBA/PAN4 51.8+23* 98415 161+1.0 >720

2 Here the flexural strength was taken as the yield strength of the material.

between the ferrous atoms and —CHCH»CN groups (somewhat like
a coordination bond between ferrum and nitrile group). Moreover,
the —CH,CH,CN substituent decreases the reactivity and function-
ality of PAN4, and thus leads to the much longer gel time of DGEBA/
PAN4 (Table 6), which will lead to the better wetting between the
epoxy matrix and steel surface. Furthermore, the cured DGEBA/
PAN4 network is much ductile, which improves the stress transfer at
the interface and thus releases the stress concentration. Also,
the much longer gel time of DGEBA/PAN4 indicates the excellent
processability of the resulting epoxy formulation for the room-
temperature applications. To summarize, PAN4 endows the result-
ing epoxy system with the excellent impact strength, shear strength,
and much longer pot life compared with 1.0GPPI and conventional
aliphatic-amine curing agents like propanediamine. Due to these
merits, PAN4 may be suitable for a new epoxy curing agent for room
temperature applications.

4. Conclusions

We have systematically investigated the model-free isoconver-
sional nonisothermal curing kinetics, thermal decomposition, and
mechanical properties of DGEBA/PAN4 and controlled DGEBA/
1.0GPPL. DGEBA/PAN4 showed the lower reactivity and reaction
heat than DGEBA/1.0GPPI. The model-free isoconversional kinetic
analysis revealed that effective activation energy E, varied
substantially with conversion «, and DGEBA/PAN4 had generally
lower E, than DGEBA/1.0GPPL. The isothermal conversion was
predicted from the dynamic cure by using the Vyazovkin equation,
and the simulated data suggested that PAN4 reacted with DGEBA
far lower than 1.0GPPL The subsequent dynamic mechanical anal-
ysis of the cure epoxy revealed that compared with DGEBA/1.0GPPI,
DGEBA/PAN4 showed the lower - and a-relaxation temperatures,
much lower crosslink density, but the much higher damping near
room temperature. Furthermore, the multiple-frequency dynamic
mechanical analysis of the cured epoxy networks demonstrated
that DGEBA/PAN4 had the lower relaxation activation energy,
enthalpy and entropy values for the « relaxation than the
controlled DGEBA/1.0GPPI. Nevertheless, the corresponding values
for the ( relaxation of the two networks differed slightly owing to
the strong dipole—dipole interaction among the —CH;CH,CN
groups of the DGEBA/PAN4 network at its glass state, which may
compensate the negative influence of the lower crosslink density.
Then, the thermogravimetric analysis demonstrated DGEBA/PAN4
was thermally stable up to 200 °C, and the decomposition process
followed the two-step kinetic schemes: the initial detachment of
the —CH,CH,CN and the further decomposition of the networks.
Finally it turned out experimentally that PAN4 endowed the cured
epoxy resins with the very long gel time, much higher impact
resistance, and much stronger shear strength. From the analyses
above, we can generalize that PAN4 has a great potential as a new
curing agent for high-performance room-temperature epoxy
adhesives, coatings, and even damping materials.
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