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a  b  s  t  r  a  c  t

The  molecular  topology  of  amine  curing  agents  is  expected  to greatly  affect  the  curing  reaction  and
properties  of  the  epoxy  resins,  yet  the  exact  influence  still  remains  little  understood.  Herein  we
find  out  two  representative  aliphatic  amines:  linear  propanediamine  (PDA)  and  branched  N,N,N′,N′-
tetra(3-aminopropyl)-1,3-propanediamine  (TAPA),  and  use  them  to cure  diglycidyl  ether  of  bisphenol
A  (DGEBA).  The  curing  reaction,  dynamic  mechanical  properties,  and  thermal  stability  of  DGEBA/PDA
and  DGEBA/TAPA  are  systematically  investigated  and  compared.  Differential  scanning  calorimetry  (DSC)
confirms  TAPA  and  PDA  have  very  close  reactivity  much  higher  than  that  of commercial  Jeffamine  T-
403  with  the  branched  molecular  structure.  The  curing  kinetic  analysis  shows  TAPA causes  the  higher
isothermal  conversion  at  the lower  temperature  (e.g.,  40 ◦C),  the  autocatalysis  and  diffusion-associated
kinetics  feature  the  isothermal  reactions,  and  the extended  Kamal  model  turns  out  to be able  to  well
predict  the  curing  rate.  Then,  the  isoconversional  analysis  with  the  Vyazovkin  methods  demonstrates
compared  to PDA,  TAPA  leads  to  the  lower  effective  activation  energy  at the  very  beginning  due  to  its

catalytic  tertiary  amino  groups,  but  the  reversed  trend  emerges  in  the  deep-conversion  stage,  espe-
cially,  in  the  glass-transition  regime,  owing  to  its flexible  aliphatic  molecular  chains.  Furthermore,  the
isothermal  conversion  at  the  higher  temperatures  is  predicted  from  the  nonisothermal  experiments.
Finally,  dynamic  mechanical  analysis  (DMA)  shows  cured  DGEBA/TAPA  exhibits  the  higher  glass-  and  �-
relaxation  temperatures  and crosslink  density  than  DGEBA/PDA,  and  thermogravimetric  analysis  (TGA)
reveals  TAPA-cured  epoxy  has  the  excellent  thermal  stability  with  the  higher  char  yield.
. Introduction

Epoxy resins find many important applications in protec-
ive coatings, adhesives, electronic-packaging materials, high-
erformance composites, etc., due to the high stiffness, dimension
tability, mechanical strength, chemical and environment resis-
ance, versatile processability, and favorable performance-cost
atio. In practical applications, a curing process is needed to trans-
orm epoxy resins from monomers or oligmers to a permanently
ighly crosslinked macromolecule in the presence of a curing
gent via an epoxy ring-opening mechanism. Of all known and

idely used curing agents, the amine-based ones are of primary

mportance. In particular, aliphatic amines have the advantages
f high reactivity, low viscosity, melting temperatures, and wide
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availability, accounting for their major use in high-performance
room-temperature-cure coatings and adhesives. However, the
high volatility, strong sensitization, quick carbonatation in air,
and very strict stoichiometry relative to epoxy resins limit their
further applications, and the related healthy and safety considera-
tions arise. To date, most attention is paid to the conventionally
linear aliphatic amine curing agents, but nonlinear amines are
still less addressed. On the other hand, a number of nonlinear
multi-functional epoxy resins, e.g., N,N,N′,N′-tetraglycidyl-4,4′-
diaminodiphenylmethane (TGDDM) [1] and triglycidyl amino
phenyl (TGAP) [2],  have received considerable interest, because
of their lower viscosity, better flowability, processability, and
outstanding thermo-mechanical performances compared to con-
ventional linear bisphenol-A type epoxy resins (DGEBA). Moreover,
recently a few attempts have being made to develop even more
branched epoxy resins, i.e., hyperbranched epoxy resins with

extraordinary high functionalities [3–6].

By analog, we can perceive that introducing the branched topol-
ogy into the aliphatic amine molecules will probably result in some
unusual properties. For example, branched aliphatic amines can

dx.doi.org/10.1016/j.cej.2012.01.134
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
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Scheme 1. Molecular structure of 

ikely fulfill the demanding combination of the high functionalities,
eactivity, crosslink density, low viscosity, volatility, slow carbon-
tation rate, and reduced crystallizability compared with their
inear counterparts of close molecular weights [7].  A case in point is
ommercial Jeffamine T-403 [8–11] (Scheme 1) with the high func-
ionalities, low volatility, excellent processability, light color, and
etarded absorption of CO2, and, more important, it can increase
he high flexibility and toughness of the cured epoxy. Jeffamine
-403, however, is much less reactive than conventional aliphatic
mines (e.g., ethanediamine, propanediamine, triethylenediamine,
tc.) due to its primary amino groups linked to the bulky sub-
tituent, creating the high steric hindrance (NH2 CH(CH3)R). Also,
effamine T-403 has the rather high amino hydrogen equivalent

eight (73.3 g/mol N H) toward epoxy resins, which will sig-
ificantly increase the application cost. Furthermore, Jeffamine
-403-cured epoxy resins still suffer from the lower glass tem-
eratures and inferior solvent and water resistance compared to
onventional aliphatic amines. These shortcomings restrict its fur-
her applications in the epoxy formulations where the fast cure,
uick dry, thermal properties, and solvent and water resistance are
specially important [12].

To meet this challenge, our recent studies [7,12–15] have
emonstrated that it is a feasible way of achieving the desired
roperties of the epoxy resin by merely shifting the molecular
rchitecture of the aliphatic amines from linear to nonlinear with-
ut introducing other kinds of elements like oxygen present in the
effamine T-403 molecules and increasing steric hindrance of the
rimary amino groups. In this regard, the molecular topology of
uch amine curing agents greatly affects the curing reaction and
nal properties of the cured epoxy; nevertheless, to date the exact

nfluence is far away from being well understood. Such knowledge
s especially important for better designing and further exploring
he nonlinear aliphatic amine curing agents with highly sophisti-
ated properties.

Here we select the two model aliphatic amines (Scheme 1)
o cure DGEBA: linear 1,3-diaminopropane (PDA) and branched
,N,N′,N′-tetra(3-aminopropyl)-1,3-ethylenediamine (TAPA), and
riginally investigate the curing reaction, dynamic mechanical
roperties, and thermal decomposition in a comparative way. As
an be found, PDA and TAPA contain the same kind of elements
C, N and H), but possess the distinctly varied topologies (linear vs.
ranched), and TAPA has the much higher molecular weight than
DA, significantly decreasing the volatility and moderately extend-
ng the stoichiometry with respect to epoxy resins. Moreover, the
aw materials of TAPA are simple, less expensive propylenedi-
mine, acrylonitrile and hydrogen, and its preparation conditions
re not demanding. Furthermore, TAPA has the amino equivalent

eight of 36.1 g/mol N H, only about the half of Jeffamine T-403

73.3 g/mol N H), which will appreciably decrease the application
ost. These advantages will favor the potential industrial scaling up
nd applications of TAPA. Our present contribution will not only
A, TAPA, PDA and Jeffamine T-403.

disclose the effect of molecular topology of TAPA and PDA on the
epoxy cure from the reaction kinetic perspective, but clarify the
properties of the cured epoxy from the dynamic mechanical and
thermogravimetric analysis as well.

2. Experimental

2.1. Materials

Propylenediamine (PDA, 99%, Acros organics, USA) was
used as received, and Jeffamine T-403, trimethylolpropane
tris[poly(propylene glycol), amine terminated] ether, with the
number averaged molecular weight of 440 Da was  purchased from
Sigma–Aldrich Co. Acrylonitrile (+98%) was  obtained from Shang-
hai Reagent Co., and purified by distillation before use. The epoxy
resins, diglycidyl ether of bisphenol A (DGEBA, Heli Resin Co., China)
with the epoxide equivalent weight (EEW) of 196 g/equiv. was
desiccated in vacuum before use. N,N,N′,N′-tetra(3-aminopropyl)-
1,3-propylenediamine (TAPA) was  synthesized by reacting PDA
with excessive acrylonitrile according to the Michael addition
mechanism, followed by the heterogeneously catalyzed hydro-
genation with reference to published procedures [13,16,17].  The 1H
NMR spectrum of TAPA is presented as the supplementary mate-
rial; see Appendix.  TAPA: 1H NMR  (400 MHz, in CDCl3) ı ppm 1.29,
s, 8H, NH2; 1.57, m,  10H, CH2CH2CH2; 2.39, t, NCH2CH2CH2N, 4H;
2.44, t, 8H, NCH2CH2CH2NH2; 2.71, t, 8H, CH2NH2. Other reagents
and solvents were used as received.

2.2. Differential scanning calorimetry (DSC)

All the isothermal and nonisothermal experiments related to
DGEBA/TAPA and DGEBA/PDA were preformed on a differential
scanning calorimeter (DSC, Perkin Elemer-7, USA) calibrated with
the In standard, while all the nonisothermal experiments bearing
on DGEBA/Jeffamine T-403 were carried out on a NETZSCH DSC
(DSC 200 F3, Germany) with an inter cooler (IC40) calibrated with
the Hg, In, Zn, Sn and Bi standards. Stoichiometric DGEBA and the
curing agent (TAPA, PDA, or Jeffamine T-403) were quickly mixed
well (<5 min) at room temperature (<15 ◦C), and immediately the
mixture (10 ± 2 mg)  was  enclosed in an aluminum crucibles to be
subjected to the DSC measurement with an identical crucible as
the reference. For the isothermal experiments, the sample was
promptly heated to 40, 50, 60 or 70 ◦C with 100 ◦C/min to start and
finish the isothermal run, followed by a second heating from 25 to
250 ◦C with 10 ◦C/min to measure the residual reaction enthalpy. To
examine the reactivity of these amines, a dynamic DSC run was  con-

ducted on these epoxy-amine systems with the same heating rate of
5 ◦C/min from 25 to 250 ◦C. Moreover, the multi-heating rate exper-
iments were conducted on DGEBA/TAPA and DGEBA/PDA with 5,
10, 15 and 20 ◦C/min. In addition, the glass temperatures of the fully
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ured epoxy (Tg∞S) were determined from a dynamic heating from
ell blow Tg∞ to 200 ◦C with 10 ◦C/min.

.3. Dynamic mechanical analysis (DMA)

Stoichiometric DGEBA and TAPA or PDA were mixed well at
oom temperature, and then poured into a preheated (40 ◦C)
tainless-steel mould. Then, the mould was placed into a oven
nder reduced pressure to drive off any entrapped bubbles, and
ransferred to air-blast oven and heated to 70 ◦C for 1.5 h and sub-
equent at 150 ◦C for another 2.5 h. After demoduling, the cured
asting epoxy bars (35 mm × 10 mm × 2 mm)  were obtained and
ubjected to the subsequent thermo-mechanical analysis using a
ynamic mechanical analyzer (DMA Q800, TA Instruments, USA).
he specimen was fixed on a single cantilever clip, the heating rate
as 3 ◦C/min, the oscillation frequency was 1 Hz, and the displace-
ent was fixed at 15 �m.  The temperature ranged from −100 ◦C to
ell above the glass temperature.

.4. Thermogravimetric analysis (TGA)

The thermal decomposition of cured DGEBA/TAPA and
GEBA/PDA was examined using a thermogravimetric analyzer

Pyris 1 TGA, USA) with the heating rate of 10 ◦C/min from 40 to
50 ◦C under the N2 protection (40 ml/min). About 2 mg  of the cured
poxy was charged in a mica crucible without a lid.

. Fundamental of curing kinetics

Curing reactions of epoxy resins are a high exothermic pro-
ess, whose kinetic issues are most frequently studied with a DSC
echnique in isothermal and/or nonisothermal modes. In this case,
he registered DSC heat flow characterizing the reaction exother-

ic  rate is directly proportional to the reaction rate, and thus the
ractional conversion of epoxy groups, ˛, can be written as

 =
∫ t

0
H dt∫ tf

0
H dt

(1)

here H is the heat flow, t is the reaction time, and tf is completion
ime of the reaction.

Two methodologies are most frequently applied to kinetic
tudies of curing reactions: the model-fitting and model-free iso-
onversional ones. The former need select a reaction model with
hich to fit experimental kinetic rate to estimate the model param-

ters to establish a rate equation. For isothermal cure, the most
requently utilized models are the nth-order model, Eq. (2), [18]
nd the autocatalytic Kamal model, Eq. (3),  [19,20].

d˛

dt
= k(T)(1 − ˛)n (2)

d˛

dt
= [k1(T) + k2(T)˛m](1 − ˛)n (3)

n these two models, k(T) is the temperature-dependent reac-
ion rate constant, k1(T) is the non-autocatalytic rate constant
orresponding to the initial reaction rate constant, k2(T) is the auto-
atalytic reaction rate constant associated with the catalytic species
ormed during the cure, and m and n are the orders of the non-
utocatalytic and autocatalytic reactions, respectively. All the rate
onstants follow the Arrhenius equation:( )
 = A exp
−Ea

RT
(4)

s far as the model-free isoconversional methodologies are con-
erned, they are built upon the isoconversional principle stating
 Journal 188 (2012) 160– 172

that the reaction rate at constant extent of conversion is only a
function of the temperature:

[
d ln(d˛/dt)

dT−1

]
˛

= −E˛

R
(5)

From Eq. (5), the temperature dependence of the isoconversional
rate can be used to determine the isoconversional values of acti-
vation energy, E˛, without assuming or determining a particular
form of kinetic models [21]. A number of the isoconversional
methods have developed and widely used in thermal analyses,
mainly including the differential Friedman (Eq. (6)) [22], integral
Flynn–Wall–Ozawa (Eq. (7))  [23,24], Kissinger–Akahira–Sunose
(Eq. (8))  [25], and Vyazovkin [26–28] methods.

ln
(

d˛

dt

)
˛

= Const. − E˛

RT˛
(6)

ln ˇi = Const. − 1.052Ea

RT˛,i
(7)

ln
ˇi

T2
˛,i

= Const. − E˛

RT˛,i
(8)

In Eqs. (6)–(8),   ̌ is the heating rate, and the subscript i indi-
cates a specific temperature program. Among them, the Vyazovkin
method, built on the more advanced nonlinear algorithm, has both
the high accuracy and the wide applicability to any temperature
programs. This method can be generally expressed as Eqs. (9) and
(10) for a thermally induced process with linear heating, linear cool-
ing, isothermal, or even more complicated temperature programs.

˚(E˛) =
n∑

i=1

n∑
j /=  i

J[E˛, Ti(t˛)]
J[E˛, Tj(t˛)]

(9)

J[E˛, Ti(t˛)] ≡
∫ t˛

˛−�˛

exp
[ −E˛

RTi(t)

]
dt (10)

In Eqs. (9) and (10), the subscripts, i and j, denote the different ther-
mal experiments, �˛ is the small conversion increment usually set
as 0.02 sufficient to eliminate the systematic error accumulation
stemming from the computation process, and the integral J, as rec-
ommended by Vyazovkin, can be numerically approached with a
trapezoid rule to achieve the sufficient accuracy. Repeat this min-
imization procedure for each  ̨ of interest, and finally an E˛ − ˛
relationship will result.

In addition, using these E˛ − T˛ data, a unified approached has
been originally developed to predict isothermal conversion; see Eq.
(11) [21,29]:

t˛ =
∫ t˛

0
exp(−E˛/RT˛)dt

exp(−E˛/RT0)
(11)

In Eq. (11), t˛ is the reaction time for  ̨ and T0 is the isothermal
temperature of interest. Specifically, for a nonisothermal process
with the constant heating/cooling rate, Eq. (11) can be written as
[30]

t˛ =
∫ T˛

0
exp(−E˛/RT˛)dT

ˇ exp(−E˛/RT0)
(12)
where T˛ is the temperature when a nonisothermal reaction pro-
cesses to a specific conversion, ˛, with a constant heating rate  ̌ at
a given isothermal temperature, T0.
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ig. 1. Nonisothermal DSC thermographs of DGEBA/PDA, DGEBA/TAPA and
GEBA/Jeffamine T-403 with heating rate of 5 ◦C/min.

. Results and discussion

.1. Reactivity of PDA, TAPA and Jeffamine T-403

Fig. 1 shows the dynamic DSC curing curves of DGEBA with
DA, TAPA or Jeffamine T-403 with the heating rate of 5 ◦C/min,
nd Table 1 summaries the estimated onset and peak reaction
emperatures, Tonset and Tpeak, and reaction heat, �HR. Clearly,
GEBA/PDA and DGEBA/TAPA have very close Tpeak, Tonset and reac-

ion heat with the difference of ≈1 ◦C and <20 J/g (<5%), indicating
hat TAPA and PDA exhibit essentially the same reactivity. In con-
rast, DGEBA/Jeffamine T-403 shows much higher Tonset and Tpeak
han the other two reactions, so that Jeffamine T-403 is far less
eactive than TAPA and PDA. The higher reactivity of TAPA and PDA
s due to the less spatial crowding of the primary amino groups
uite different from Jeffamine T-403 (Scheme 1). On the other hand,
GEBA/TAPA, like DGEBA/PDA, liberates the more reaction heat

han DGEBA/Jeffamine T-403 (about 21% higher), because TAPA
as the much lower amino hydrogen equivalent weight (36.1 g/mol

 H) than Jeffamine T-403 (73.3 g/mol N H), causing the higher
oncentration of the epoxy groups in the reaction system.

.2. Cure of DGEB/TAPA and DGEBA/PDA with multiple heating
ate

The DSC thermographs of the nonisothermal curing reactions of
GEBA/PDA and DGEBA/TAPA with the multiple heating rates are
resented in Fig. 2. All these curves show a single exothermic peak
ith good symmetry which is due to the highly exothermic epoxy-

mine addition. As the heating rates are increased, the exothermic
eaks shift to a higher temperature with the broader peak area.

ntegrating these exothermic peaks relative to tangent baselines
roduces such characteristic parameters as the onset and peak cure

emperatures, Tonset and Tpeak, and reaction heat, �HR, and Table 2
ummarizes their obtained values. These data indicate that increas-
ng the heating rate leads to the systematically increased Tonset and
peak, but little affects �HR, implicating that although the heating

able 1
nset and peak reaction temperatures, Tonset and Tpeak, and reaction heat, �HR , of
ifferent systems with heating rate of 5 ◦C/min.

Formulation Tonset (◦C) Tpeak (◦C) �HR (J/g)

DGEBA/PDA 60.4 88.5 488.6
DGEBA/TAPA 61.5 89.6 505.7
DGEBA/Jeffamine T-403 76.7 113.8 385.2
Fig. 2. Nonisothermal DSC thermographs of DGEBA/TAPA (A) and DGEBA/PDA (B)
with different heating rates of 5, 10, 15 and 20 ◦C/min.

rates greatly affects the reaction kinetics, they do not change the
basic molecular mechanism for the ring-opening involved in the
epoxy-amine reaction. By comparison, the two systems show very
close Tonset and Tpeak and �HR for each heating rate, which, again,
approves that PDA and TAPA have essentially the same reactivity
toward epoxy resins.

Presented in Fig. 3 are the conversional curves of the non-
isothermal cure of DGEBA/PDA and DGEBA/TAPA at the different
heating rates. These curves exhibit a sigmoidal contour and shift
to a higher and broader temperature range with the increased
heating rate, demonstrating that the temperature for the reac-
tion to reach the same conversion is systematically increased. This
conversion–temperature correlation from the nonisothermal cure
of DGEBA/TAPA and DGEBA/PDA will be used for the further model-
free isoconversional kinetic analysis, which will be discussed in
detail shortly.

4.3. Isothermal cure of DGEB/TAPA and DGEBA/PDA

Illustrated in Fig. 4 are the DSC heat flow-time curves of the
isothermal curing reactions of DGEBA/TAPA and DGEBA/PDA at
the different temperatures. These DSC traces show only a single
exothermic peak without shoulder for each isothermal run, so that

the side reactions can be neglected, especially, the etherification
reaction among the hydroxyl and amino groups. Nevertheless, the
etherification will become significant providing that the reaction
temperature is rather high (>150 ◦C) and the epoxy groups are in
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Table 2
Characteristic parameters for nonisothermal cure of DGEBA/TAPA and DGEBA/PDA at heating rates of 5, 10, 15 and 20 ◦C/min.

Formulation  ̌ (◦C/min) Tonset (◦C) Tpeak (◦C) �HR (J/g) Mean �HR (J/g)

DGEBA/TAPA 5 60.8 89.5 505.7 515.7
± 7.110 70.9 101.6 522.5

15 77.7 109.5 516.7
20  81.9 114.5 517.7

DGEBA/PDA 5  60.4 88.5 488.6 504.1
± 13.110  70.3 100.7 515.0

15  76.4 108.1 514.8
20 80.1 113.6 497.9

Table 3
Isothermal reaction exotherm of DGEBA/TAPA and DGEBA/PDA for 40, 50, 60, and 70 ◦C.

Formulation Reaction exotherm (kJ/mol epoxide)

40 ◦C 50 ◦C 60 ◦C 70 ◦C Total

e
r
t
e
t
N
t
e
c

F
D

DGEBA/TAPA 80.3 ± 1.6 88.8 ± 1.2 

DGEBA/PDA 63.7 ± 1.7 80.7 ± 1.1 

xcess [31,32].  Integrating the isothermal exothermic peak with
espect to the horizontal baseline yields the reaction exotherm, and
he sum of the isothermal exotherm and the residual exotherm
quals the total reaction heat. From Table 3, as the tempera-
ure increases, the isothermal exotherm systematically increases.
oticeably, the total reaction heat still lies in the typical range for
he epoxy-amine polymerization (98–122 kJ/mol) [33,34], which
vidences that TAPA, similar to conventional linear aliphatic amine
uring agents, can crosslink epoxy resins efficiently. Moreover,

ig. 3. Conversion curves of nonisothermal reactions of DGEBA/TAPA (A) and
GEBA/PDA (B) with different heating rates of 5, 10, 15 and 20 ◦C/min.
99.7 ± 1.8 103.8 ± 2.0 113.7 ± 2.2
95.1 ± 1.6 97.8 ± 2.1 103.0 ± 2.7

DGEBA/TAPA exhibits the higher overall molar exotherm than
DGEBA/PDA, likely indicating that TAPA reacts with DGEBA more
completely than PDA. The reason lies in that TAPA incorporates the
more flexible aliphatic chain segments into the reaction system,
whereby the chain mobility increased, for which reason the num-
ber of the reactive groups topologically isolated in the network is

reduced. Such isolated groups are unable to participate the further
curing reaction even at higher temperature, in fact, existing as the
structural defects in the network, which will negatively affect the
properties of the cured epoxy.

Fig. 4. Isothermal heat flow as a function of curing time at 40, 50, 60 and 70 ◦C. (A)
DGEBA/TAPA and (B) DGEBA/PDA.



J. Wan  et al. / Chemical Engineering

F
6

t
a
s
t
t
D
˛
c
i
i
r
t
r
t
t
o
t
w

F
D
i
h
a

F
D

ig. 5. Conversion–time curves of DGEBA/TAPA (A) and DGEBA/PDA (B) at 40, 50,
0  and 70 ◦C.

Fig. 5 shows the conversional curves of the isothermal reac-
ions at 40, 50, 60 and 70 ◦C.  ̨ increases rapidly with time initially,
nd after that the increase becomes slow, eventually the conver-
ional curves leveling off to a limiting conversion, ˛T. Increasing the
emperature leads to the higher ˛T but less than unity, indicating
he incompletion of the isothermal cure. Also from Fig. 5, at 40 ◦C
GEBA/TAPA reacts somewhat faster than DGEBA/PDA with higher
T achieved, due largely to TAPA introducing the more aliphatic
hains in the reaction system, thus decreasing the spatial crowd-
ng of the amino functionalities when the reaction is progressing
n the higher conversion range. Therefore, the probability of the
eaction during the isothermal cure is increased. Moreover, the
ertiary amino groups (Nt) of TAPA can likely catalyze the curing
eaction [34], resulting in the higher reaction rate. Nevertheless, at
he higher temperature (e.g., 70 ◦C) DGEBA/PDA achieves higher ˛T

han DGEBA/TAPA, which may  be associated with the varied extent
f the proximity to the glass temperature of the reaction mixture as
he reaction goes. The glass temperatures of the cured epoxy resin
ill be discussed below.

From the glass-transition curves of the cured epoxy shown in
ig. 6, DGEBA/TAPA has the higher glass temperature, Tg∞, than
GEBA/PDA and DGEBA/Jeffamine T-403. Higher Tg∞ proves TAPA
ncreases the thermal resistance of the cured epoxy with the
igher upper-service temperature, because the glass temperatures
re the upper limit for the epoxy materials as the hard plastics.

ig. 6. Glass-transition curves of cured DGEBA/TAPA, DGEBA/PDA and
GEBA/Jeffamine T-403 with heating rate of 10 ◦C/min.
 Journal 188 (2012) 160– 172 165

More strikingly, Tg∞ of DGEBA/TAPA is 45 ◦C higher than that of
DGEBA/Jeffamine T-403, indicating significantly improved ther-
mal  resistance. Note that TAPA has the higher amine equivalent
weight than PDA, 18.5 vs. 37.8 g/mol N H, thereby introducing the
more flexible aliphatic chains in the DGEBA/TAPA network. Despite
that, DGEBA/TAPA still exhibits higher Tg∞ than DGEBA/PDA, since
TAPA provides the cured epoxy network with the extra crosslinks
stemming from its branched molecular architecture. Moreover, as
discussed above, TAPA can more efficiently cure the epoxy resin as
indicated by the higher reaction exotherm, leaving the decreased
number of the free dangling chain ends in the network that will
increase the free volume. From the analysis above, we  can infer
that introducing the more flexible aliphatic chains into the epoxy
network from the aliphatic amine molecules does not necessarily
lead to the decreased glass-transition temperature, and conversely
the branched architecture of the aliphatic amine curing agent may
moderately increase the thermal resistance of the cured epoxy.

It is worth pointing out that in the addition to the improved ther-
mal  resistance TAPA-cured epoxy, TAPA also has the advantages
of the low volatility, reduced irritant odor, and extraordinary high
functionalities than conventional aliphatic amine curing agents.
And, what is more, its raw materials are less expensive and widely
available, and the preparation conditions are mild, facilitating its
potential mass production and applications. Therefore, TAPA is
probably suitable to serve as a radically new aliphatic curing agent
with the high reactivity, increased thermal resistance and improved
safety combined with the economic benefits, especially for the
room-temperature epoxy coatings and adhesives.

4.4. Model-fitting kinetics of isothermal cure

Fig. 7 displays the evolution of the reaction rate, d˛/dt, with
˛, from which initially d˛/dt increases quickly and goes through
the maximum, and increasing the temperature corresponds to the
increased peak reaction rate within a shortened time. The maxi-
mum d˛/dt appearing at the moment, t > 0, indicates that the curing
reactions follow the autocatalytic mechanism [34–36]. Hence, it is
more reasonable to apply the Kamal model (Eq. (3))  to the fol-
lowing model-fitting kinetic analysis. In Eq. (3) k1 is estimated
from the intercept by extrapolating  ̨ or t to zero; see Table 4. At
40 ◦C, DGEBA/TAPA has somewhat higher k1 than DGEBA/PDA, but
at 70 ◦C the reversed result emerges. Then, the Arrhenius plot of
ln k1 against 1/T  shown in Fig. 8 can be used to estimate the acti-
vation energy for the non-autocatalytic reaction, Ea1; see Table 5.
The data demonstrate that DGEBA/TAPA has the lower Ea1 value
(61.8 ± 3.1 kJ/mol) than DGEBA/PDA (70.0 ± 4.3 kJ/mol), presum-
ably because the tertiary amino groups (Nt) of TAPA catalyze the
epoxy-amine reaction, lowering the energetic barriers for the non-
autocatalytic reaction.

Inserting k1 into Eq. (3),  then k2, m and n, can be estimated using
a least-squared procedure (Origin 7.5). As shown in Table 3, k2 is
much greater than k1, indicating that the autocatalytic reaction
is much faster than the non-autocatalytic reaction. Similar to k1,
the Arrhenius plot of k2 against 1/T  (Fig. 8) produces the activa-
tion energy for the autocatalytic reaction, Ea2; see Table 5. These
data indicate that for the same reaction system Ea2 is somewhat
lower than Ea1, and DGEBA/TAPA (57.2 ± 3.1 kJ/mol) has higher Ea2
than DGEBA/PDA (47.9 ± 1.6 kJ/mol), causing DGEBA/TAPA shows a
far smaller Ea1 − Ea2 difference than DGEBA/PDA. The more specific
reasons are as follows. First, the OH groups formed during the cure
catalyze the further epoxy-amine reaction, lowering the associated
energetic barrier for the autocatalytic reaction [37,38].  Second, the

Nt groups of TAPA moderately catalyze the non-autocatalytic reac-
tion, leading to lower intrinsic Ea1, and also they may  associate
with the OH groups (N·  · ·H· · ·O), thereby weakening the catalytic
effect of the OH groups. Nevertheless, the OH groups catalyze
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Table 4
Kinetic parameters of Kamal model for isothermal cure of DGEBA/TAPA and DGEBA/PDA.

Formulation Tc ( ◦C) k1 (min−1) Error k2 (min−1) Error m Error n Error m + n R2

DGEBA/TAPA 40 0.00639 3.4 × 10−6 0.02361 5.0 × 10−5 0.9287 8.4 × 10−4 1.14804 1.7 × 10−3 2.08 0.99528
50 0.0148 8.3 × 10−6 0.05233 1.3 × 10−4 1.01601 1.08 × 10−4 1.22613 1.64 × 10−3 2.24 0.99456
60 0.0296 1.7 × 10−5 0.09843 2.4 × 10−4 0.98085 1.19 × 10−3 1.16916 1.33 × 10−3 2.15 0.99844
70  0.0506 4.8 × 10−5 0.16133 3.7 × 10−4 0.9345 1.17 × 10−3 1.14898 1.17 × 10−3 2.08 0.99923

DGEBA/PDA 40  0.00496 5.3 × 10−6 0.03213 6.0 × 10−4 0.89158 6.3 × 10−4 1.76128 1.79 × 10−3 2.65 0.99874
50  0.0136 1.4 × 10−5 0.0577 1.1 × 10−4 0.83321 7.9 × 10−4 1.41007 1.3 × 10−3 2.24 0.99763
60  0.0284 4.5 × 10−5 0.09243 9.0 × 10−5 0.81872 5.0 × 10−4 1.12067 5.1 × 10−4 1.94 0.99974
70 0.0524 8.5 × 10−5 0.16449 2.7 × 10−4 0.83268 8.8 × 10−4 1.1824 7.8 × 10−4 2.01 0.99971

Table 5
Activation energies Ea and pre-exponent factor A for autocatalytic and non-autocatalytic reactions of DGEBA/TAPA and DGEBA/PDA.

Formulation Ea1 (kJ/mol) Ea2 (kJ/mol) A1 (×108 min−1) A2 (×106 min−1)

 3.1 

 1.6 

t
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DGEBA/TAPA 61.8 ± 3.1 57.2 ±
DGEBA/PDA 70.0 ± 4.3 47.9 ±

he epoxy-amine reaction more effectively than the tertiary amino
roups, because they can form the more stable H-bonding with
he epoxy ring [34]; otherwise, we should not observe the appar-
nt autocatalytic phenomenon for DGEBA/TAPA. In addition to the
ctivation energies, the estimated reaction orders, m and n, vary
oderately as the temperature rises, reflecting the complex nature

f the reaction mechanisms [39].

Introducing the value of k1, k2, m and n in Eq. (3) yields the rate

quations. The experimental rates and the predicated from these
ate equations are compared in Fig. 9, where the full lines are the
xperimental rates, while the separated dots are the predicated.

ig. 7. Variation of d˛/dt with time t of DGEBA/TAPA (A) and DGEBA/PDA (B).
1.36 ± 0.08 86.5 ± 5.4
25.1 ± 1.9 3.18 ± 0.12

Clearly, the experimental rates accord well with the predicted at
the early stage, but at the high conversion, the obvious discrep-
ancy appears because of the diffusion-controlled reaction kinetics.
Moreover, increasing the isothermal temperature delays this devia-
tion to a higher conversion, because of the enhanced chain mobility
in the network at the higher temperature. Therefore, the Kamal
model is able to satisfactorily describe the reaction-controlled

kinetic rate, yet is still insufficient in depicting the diffusion-
controlled reaction kinetics.

Fig. 8. Arrhenius plots of ln k1 and ln k2 vs.1/T. for DGEBA/TAPA (A) and DGEBA/PDA
(B).



J. Wan  et al. / Chemical Engineering Journal 188 (2012) 160– 172 167

F
D

c

w
t

f

I
t
c
c

D
i
d
c
M
a
r
t
t
i

w
v
e
r

ig. 9. Comparison of experimental d˛/dt and predicated from Kamal model. (A)
GEBA/TAPA and (B) DGEBA/PDA.

Cole [40] proposed a modified version of the Kamal model con-
erning diffusion control; see Eq. (13):

d˛

dt
= [k1(T) + k2(T)˛m](1 − ˛)nf (˛) (13)

here diffusion factor f(˛) is the ratio of the effective rate constant
o pure chemical reaction rate constant.

 (˛) = ke

kc
= 1

1 + exp[C(  ̨ − ˛c)]
(14)

n Eq. (14), ke is the effective rate constant, kc is the chemical reac-
ion rate constant, C is the fitting constant, and ˛c is the critical
onversion indicating the change of chemical reaction to diffusion
ontrol.

f(˛) as a function of conversion  ̨ for DGEBA/TAPA and
GEBA/PDA is demonstrated in Fig. 10,  from which f(˛) approx-

mately equals unity at the low conversion stage, but in the
eep-conversion stage, drops quickly, approaching zero, in which
ase the reaction becomes very slow and practically stops [41].
oreover, increasing the temperature delays the decrease of f(�) to

 higher conversion range, due to the enhanced the mobility of the
eactive species. In summary, the curing reactions first experience
he reaction-controlled region, then the diffusion control comes at
he higher temperature range, and the diffusion-controlled kinetics
s extremely sensitive to the reaction temperature.

Eq. (14) is used to fit the experimental data presented in Fig. 10

ith a least-squared procedure (Origin 7.5), and the calculated

alues of the unknowns, C and ˛c, are compared in Table 6. In gen-
ral,  ̨ and C increase gradually with the increased temperature,
eflecting the delay of the diffusion control to the higher conversion
Fig. 10. Diffusion factor f(˛) vs.  ̨ for DGEBA/TAPA (A) and DGEBA/PDA (B) at 40, 50,
60  and 70 ◦C.

range. In addition, the reaction temperatures seem to influence ˛c

of DGEBA/PDA more than that of DGEBA/TAPA, if the temperature is
relatively low (40–50 ◦C). The reason may  be that TAPA introduces
the more flexible aliphatic chains in the network than PDA, leading
to the enhanced mobility of the reactive amino and epoxy groups
to diffuse into the tangible distance to trigger the curing reaction
even at the relatively low reaction temperature.

So far, a complete set of the kinetic parameters have been iden-
tified for the extended Kamal model. Introducing their values into
Eq. (13) yields the ultimate rate equations to predict the isother-
mal  cure. In Fig. 11,  the experimental reaction rate (lines) and the
model predicted (dotes) are compared, with an excellent match
achieved; therefore, the extended Kamal model is able to ade-
quately depict the isothermal curing reaction rate over the entire
conversion range.

4.5. Model-free isoconversional kinetic analysis

So far, we have accomplished the model-fitting kinetic analy-
sis of DGEBA/PDA and DGEBA/TAPA, and subsequently we  will use
the Vyazovkin method [27,28] to conduct the model-free isocon-
versional kinetic analysis. With this method, Eq. (10), we obtain
the effective activation energy, E˛, as a function of  ̨ for the
isothermal and nonisothermal curing reactions of DGEBA/TAPA and
DGEBA/PDA. As shown in Fig. 12,  E˛ changes substantially with
˛, especially for the isothermal reactions, which implicates that

the reactions may  involve the multi-step kinetic pathways with
the varying energetic barriers [42–44].  The detailed analysis of this
correlation is as follows.
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Table 6
Values of critical conversion, ˛c, and fitting constant, C, of isothermal DGEBA/TAPA and DGEBA/PDA reactions.

Formulation Tc 40 ◦C 50 ◦C 60 ◦C 70 ◦C

DGEBA/TAPA ˛c 0.65515 ± 0.00006 0.73969 ± 0.00008 0.83488 ± 0.00007 0.87579 ± 0.00008
C 47.3 ± 0.10 68.67 ± 0.25 69.28 ± 0.23 79.91 ± 0.32
R2 0.99398 0.98997 0.99388 0.99349

DGEBA/PDA ˛c 0.58626 ± 0.0001 0.7500
C  72.92 ± 0.39 73.42 ±
R2 0.98513 0.9871

Fig. 11. Comparison of experimental reaction rates of DGEBA/TAPA and DGEBA/PDA
and those predicated from extended Kamal model for 40, 50, 60 and 70 ◦C.

Fig. 12. Effective activation energy E˛ as a function relative conversion for isother-
mal  and nonisothermal curing reactions of DGEBA/TAPA and DGEBA/PDA.
5 ± 0.00007 0.89441 ± 0.00006 0.93113 ± 0.00007
 0.30 92.25 ± 0.38 128.39 ± 0.84

8 0.99009 0.98442

For the isothermal cure, DGEBA/TAPA exhibits somewhat the
lower initial E˛ value than DGEBA/PDA, which resembles the case
of Ea1 discussed in the previous section (Table 4). This resemblance
demonstrates again that the tertiary groups of TAPA addition-
ally catalyze the epoxy-amine reaction compared to PDA. As ˛
increases, DGEBA/TAPA shows relatively constant E˛ up to  ̨ ≈ 0.3,
whereas E˛ of DGEBA/PDA decreases gradually. This likely reflects
that the OH groups formed during the cure affect DGEBA/PDA
more than DGEBA/TAPA, because the tertiary amine groups of TAPA
catalyze the DGEBA/TAPA reaction, leading to the lowered ener-
getic barrier for the non-autocatalytic reaction, and they could also
associated with the OH groups, decreasing the OH catalytic abil-
ity. Once  ̨ exceeds 0.3, E˛ of DGEBA/TAPA begins to decrease and
later arrives at the plateau (Fig. 10), whereas the steady decrease
in E˛ occurs for DGEBA/PDA. This difference likely indicates that
DGEBA/PDA is affected more by the diffusion than DGEBA/TAPA,
which is like attributed to TAPA introducing the more aliphatic
chains in the reaction system, causing the less restricted diffusion
of the reactive groups.

While the isothermal curing reactions are progressing in the
deep-conversion stage, the steep decrease in E˛ appears, which
indicates that the system begins to vitrify and the diffusion con-
trols the reaction rate [42]. In this case, the diffusion of the reactive
species is greatly inhibited, and thus the further reaction can only
relay on the short-range motions of the adjacent reactive species.
Note here that Tg∞ (>110 ◦C) of the cured epoxy (see Fig. 6) is
much higher that the isothermal temperatures (≤70 ◦C), thus the
vitrification will certainly occur during the isothermal cure. The
vitrification-induced diffusion-controlled kinetics is also supported
by a previous finding that while the curing reaction of thermosets
carrying out at the glass-transition stages, it exhibited the very low
activation energies [45,46].  Finally, DGEBA/TAPA shows somewhat
higher E˛ than DGEBA/PDA, because the more flexible aliphatic
molecular chains from TAPA make the segmental motions caused
by the configuration adjustments in the DGEBA/TAPA network less
restricted, compared to the DGEBA/PDA network with the higher
more rigid bisphenol A content.

In contrast, E˛ of the nonisothermal reaction behaviors quite
unlike the corresponding isothermal cure discussed above. To illus-
trate, at the initial cure stage, E˛ of the two system decreases quickly
with ˛, due primarily to the marked decrease in the viscosity of the
reaction mixture, thereby the energetic barrier for the diffusion of
the molecules lowered. More interestingly, DGEBA/PDA shows the
somewhat higher initial E˛ value than DGEBA/TAPA, which accords
with the case of the corresponding isothermal cure. Clearly, the rea-
son for this finding is that the tertiary amine of TAPA catalyzes the
reaction, irrespective of the isothermal or nonisothermal tempera-
ture programs used to cure the epoxy-amine mixture. Moreover, in
generally, the nonisothermal cure exhibits higher E˛ than the corre-
sponding isothermal cure, and after the initial cure stage (  ̨ > 0.15)
shows a relatively constant E˛ value of 53–57 kJ/mol, in contrast

to the dramatic decrease in E˛ observed from the isothermal cure
in the deep conversion stage. Relatively stable E˛ likely indicates
that the nonisothermal reaction has reached a dynamic balance,
at which state the conversion, temperature, viscosity, crosslink
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work are more restricted than those in the latter. Nevertheless, the
�-relaxation temperatures of the two networks differ still small,
indicating that the origination of the � relaxation is not changed.

Table 7
Relaxation temperatures, characteristic modulus and crosslink density of
DGEBA/TAPA and DGEBA/PDA networks.

Formulation DGEBA/TAPA DGEBA/PDA

�-Relaxation (Tg)/ ◦C 134.9 131.8
Peak height (tan ı˛) 0.505 0.667
�-Relaxation (T�)/ ◦C −35.2 −39.9
Peak height (tan ıˇ) 0.0607 0.0605
Modulus at −100 ◦C/MPa 6074 6044
ig. 13. Isothermal conversion at 110, 130, 150 and 170 ◦C predicted from non-
sothermal data using Eq. (12).

ensity, chain mobility, etc. may  achieve a certain compromise. This
bservation is quite different from the isothermal cure. To illustrate,
ecause the temperature keeps constant for the isothermal cure,
hus the motion of polymeric chains bearing the reactive groups
ill become more and more restricted as the conversion and the
umber of the crosslinks increase. For this reason, the diffusion will
lay an increasingly important role in determining the isothermal
uring kinetics, eventually the macroscopic reaction traversing the
eaction-controlled stage gradually deep into diffusion-controlled
egime, with the quick drop in E˛ observed. Therefore, we can
nfer that the nonisothermal cure is little affected by the diffusion-
ontrolled kinetics without the dramatic decrease in E˛ detected in
he high conversion stage.

.6. Model-free prediction of isothermal conversion at higher
emperatures

It is of practical interest to predict the epoxy curing reaction
utside the experimental temperature range, which will be help-
ul in selecting the appropriate curing cycles according to specific
pplications. From the analysis above, we have used the extended
amal model to successfully describe the isothermal temperatures
f 40, 50, 60, and 70 ◦C. But it is still hard for us to collect the reli-
ble isothermal curing kinetic data at even the higher experimental
emperature range for the experiment and instrument reasons. For
xample, the much higher isothermal temperature results in the
ery fast reaction rate, in which case the stabilization time to the
ppointed isothermal temperature will become so long that the
nregistered reaction heat is too large to be acceptable, thus caus-

ng the unreliable kinetic data. To predict the isothermal curing rate
t the isothermal temperature much higher than our isothermal
xperiment temperatures (e.g., >100 ◦C), the model-free isoconver-
ional method may  be a good alternative. Notice that because the
iffusion-controlled kinetics can be neglected for the nonisother-
al  cure, thus it is more reasonable to use the model-free method

rom the nonisothermal data to predict the isothermal cure at the
igher temperatures, in which case the diffusion control is insignif-

cant.
Fig. 13 illustrates the predicted isothermal curing rate of

GEBA/TAPA and DGEBA/PDA at 110, 130, 150 and 170 ◦C. At the
eginning, the conversion increases steeply, and at the late stage
he increase becomes slower and slower up to the completion of

he isothermal cure. In this temperature range, the entire reaction
ill only spend from about half a minute to a few minutes. More-

ver, DGEBA/TAPA and DGEBA/PDA behaviors quite like at the early
tage of the cure, and at the higher conversion stage, the conversion
Fig. 14. Dynamic mechanical spectra for E′ and tan ı at heating rate of 3 ◦C/min
(1  Hz).

of the former is slightly higher than that of the latter, the reason for
which is that the more aliphatic chains present in the DGEBA/TAPA
system, leading to the easier diffusion of the reactive species. The
very fast curing speed will result in the very acute heat release,
which should be avoided in practical applications; otherwise, the
reaction will be out of control unless removing the accumulated
reaction exotherm in time. Thus, to facilitate the dissipation of the
reaction heat it is more reasonable to use TAPA to cure epoxy resins
at the relatively low temperatures (e.g., room temperature) for a
relatively long time (several hours) to finish the most percentage
of the cure, and after that, if necessary, the post-cure at higher tem-
peratures (e.g., >100 ◦C) for a short time can be applied to yield the
more completely crosslinked network to result in the improved
thermal resistance, especially the glass temperature.

4.7. Dynamic mechanical properties of cured epoxy

Fig. 14 displays the dynamic mechanical spectra for stor-
age modulus E′ and loss factor tan ı of the DGEBA/TAPA and
DGEBA/PDA networks with the heating rate of 3 ◦C/min (1 Hz),
where E′ and tan ı are plotted against the temperature. At the
lower temperature range (−100 to −20 ◦C), the two networks
have very close E′ (Table 7), but once the temperature exceeds
−20 ◦C, DGEBA/TAPA loses E′ more than DGEBA/PDA. Moreover,
a sub-glass relaxation (� relaxation) can be found from the tan ı
profiles, stemming from the hydrogen-bonded CH2CH(OH)CH2
sequences [47–50]. DGEBA/TAPA (−35.2 ◦C) exhibits the higher �-
transition temperature than DGEBA/PDA (−39.9 ◦C), implying that
the even localized CH2CH(OH)CH2 motions in the former net-
Modulus at 20 ◦C/MPa 2763 2860
Modulus at 80 ◦C/MPa 1734 2011
Rubber modulus/MPa 50 37
Crosslink density/(mol/m3) 4576 3144



1 eering Journal 188 (2012) 160– 172

o
a
i
r
o
n
D
w
a
h
D
e
c

>
m
h
t
a
t
t
[
b
a
c
f

E

w
s
D
i
(
c
h
d
b
d
t

g
c
r
t
t
d
a
s

4

D
a
p
c
t
m
n
(
t
h
m
t
r

70 J. Wan  et al. / Chemical Engin

As the temperature further rises, E′ of DGEBA/PDA exceeds that
f DGEBA/TAPA at an ambient temperature range (>0 ◦C); see Fig. 14
nd Table 7. This finding is likely contrary to the common intu-
tion that the increased crosslink density corresponds to the more
igid network, exhibiting higher E′, but really resembles the previ-
us finding that the higher the crosslink density of epoxy-amine
etworks, the lower elastic modulus they exhibit [51]. In fact,
GEBA/TAPA has the higher crosslink density than DGEBA/PDA,
hich will be analyzed in detail soon. Lower E′ is largely associ-

ted with the damping during the � relaxation; for example, the
igher crosslink density and the more aliphatic segments of the
GEBA/TAPA network will increase the dissipation of the elastic
nergy as a result of the more the out-phase plastic deformation of
hains.

At the higher temperature, E′ decreases abruptly from
1000 MPa  to <100 MPa  (Table 7) in a narrow temperature range;
eanwhile, tan ı reaches its maximum with the peak height much

igher than that of the � relaxation. This observation means that the
wo networks undergo the glass-rubber transition (� relaxation),
nd after that the glassy epoxy network transforms into a high elas-
ic rubber. Herein the rubbery modulus, Er, shown in Table 7 is
aken as the storage modulus at 30 ◦C above the glass temperature
52]. DGEBA/TAPA has higher Er than DGEBA/PDA, which proba-
ly indicates that the former has the increased crosslink density
nd reduced average molecular weight between the two adjacent
rosslinks. To be quantitative, we estimate the crosslink density
rom Eq. (15) [53]:

r = 3RTrve (15)

here R is the universal gas constant, Tr is the temperature corre-
ponding to Er, and �e is the crosslink density. As shown in Table 7,
GEBA/TAPA has much higher �e than DGEBA/PDA. Increased �e

s due to the fact that TAPA has the two tertiary amine groups
Nt) (see Scheme 1) functioning as the additional crosslinks in the
ured epoxy network. Note here that although TAPA has the much
igher N H equivalent weight (37.8 g/mol N H) than propane-
iamine (18.5 g/mol N H), facilitating weighting and mixing, its
ranched molecular architecture contributes more to the crosslink
ensity. As a result, DGEBA/TAPA has the higher crosslink density
han DGEBA/PDA with the higher glass temperature.

A further analysis of Fig. 14 and Table 7 indicates that during the
lass transition stage, E′ of DGEBA/TAPA changes less dramatically
ompared to DGEBA/PDA, and the peak height is lower, too. The
eason is as follows. The increased crosslink density corresponds
o the shortened average chain length among the crosslinks, so
hat the viscous plastic deformation of the network becomes more
ifficult, reducing the elastic energy dissipation during the cooper-
tive motions of the whole DGEBA/TAPA network chains under the
tress.

.8. Thermal stability

Fig. 15 displays the TG thermographs of cured DGEBA/TAPA and
GEBA/PDA. Clearly, they remain thermally stable up to ∼300 ◦C,
nd DGEBA/PDA starts to decompose at a slightly higher tem-
erature. The high decomposition temperature suggests TAPA,
omparable to aliphatic amine curing agents like PDA, can endow
he epoxy resin with the sufficient thermal stability. The high ther-

al  stability is due to the TAPA molecules consisting solely of the
itrogen–carbon (N C), carbon–carbon (C C), nitrogen–hydrogen
N H) and carbon–hydrogen (C H) single bonds identical with
he common aliphatic amines. Such kinds of the chemical bonds

ave the considerably high cleavage energies, enabling the ther-
al  scission of TAPA moieties in the epoxy network at the high

emperature. In contrast to these more stable bonds, the thermal
apture of cured epoxy-amine products generally starts from the
Fig. 15. TG thermographs of cured DGEBA/TAPA and DGEBA/PDA with 10 ◦C/min in
N2.

emission of the water from the secondary alcohol groups, leading
to the formation of the vinylene ethers [54], which can account
for why the DGEBA/TAPA and DGEBA/PDA have the close initial
thermal decomposition temperatures.

Once the temperature rises above 300 ◦C, the epoxy resin starts
to decompose rapidly and the most mass loses within 300–500 ◦C.
In this stage, the chain scission of the networks yields the com-
bustible gases, water, amines, and gaseous aromatic compounds,
etc. [54]. Note here that DGEBA/TAPA has the higher char yield at
800 ◦C than DGEBA/PDA, which substantiates that TAPA endows
the cured epoxy with the improved flame retardance, due likely
to the higher crosslink density but the lower oxygen content of
the TAPA-cured epoxy, compared to DGEBA/PDA. Especially, the
higher crosslink network may  promote the charring of the cured
epoxy resin during the pyrolysis, since the increased number of
the chemical bonds presents in the cured epoxy. To summarize,
similar to common aliphatic amines like PDA, TAPA endows the
cured epoxy with the adequate thermal stability to satisfy rational-
service-temperature applications.

5. Conclusions

We  have systematically investigated and compared the three
aliphatic amine epoxy curing agents: TAPA, PDA and Jeffamine T-
403. The dynamic DSC evidenced that TAPA and PDA had the very
close reactivity much higher than that of Jeffamine T-403, and TAPA
could more sufficiently cure DGEBA than PDA with the higher molar
reaction exotherm. TAPA imparted the cured epoxy with the higher
glass temperature than PDA which is 45 ◦C higher than that of
Jeffamine T-403-cured epoxy. The isothermal DSC indicated that
TAPA could increase the conversion at the lower temperature (e.g.,
40 ◦C). The isothermal cure was proved autocatalytic, and the Kamal
model was  able to well describe the kinetic rate within the reaction-
controlled zone. DGEBA/TAPA had the higher non-autocatalytic
reaction activation energy (61.8 ± 3.1 kJ/mol) than DGEBA/PDA
(70.0 ± 4.3 kJ/mol) owing to the catalytic tertiary amine groups of
TAPA. The further investigation showed that the extended Kamal
model considering the diffusion effect could sufficiently predict the
entire isothermal cure.

The model-free kinetic analysis demonstrated the effective acti-
vation energy, E˛, changed with the conversion markedly, reflecting
change of the reaction kinetic schemes. In particular, the isothermal

reaction shifted from the reaction to diffusion control in the higher
conversion, but the diffusion control little affected the nonisother-
mal  reaction. In comparison, DGEBA/TAPA had lower initial E˛ than
DGEBA/PDA, analogue to the non-autocatalytic reaction activation
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nergy. In the deep cure stage, DGEBA/TAPA showed higher E˛,
ue to the more flexible aliphatic chains of TAPA that increase
he chain mobility of the network. Furthermore, the isothermal
onversion at the temperatures much higher than the isothermal
xperiment temperature was reasonably predicted from the non-
sothermal experiments using the model-free Vyazovkin method.
he result illustrated that it is more reasonable for TAPA to cure the
poxy resin according to a two-step schedule: the cure at the lower
emperatures (e.g., room temperature) for a relatively long time to
elieve the reaction heat, followed by the post cure at higher tem-
erature (e.g., 100 ◦C) for a short time to further improve the glass
emperature.

DMA confirmed DGEBA/TAPA had the higher glass- and �-
elaxation temperatures, and, more important, TAPA endowed
he cured epoxy with the higher crosslink density attributable
o branched molecular architecture. The TG analysis disclosed
GEBA/TAPA had sufficient thermal stability, with the initial
ecomposition temperature up to 300 ◦C, and compare to PDA,
APA could increase the char yield at the high temperature.

In summary, TAPA has the high reactivity to well cure epoxy
esins, extraordinarily high functionalities, and extended stoi-
hiometry combined with favorable features of the low volatility,
nexpensive raw materials, and facile preparation conditions. Also,
APA imparts the cured epoxy with the high crosslink density,
lass temperature, and thermal stability. Owing to these out-
tanding properties, TAPA shows the high promising as a radically
ew aliphatic amine curing agents for epoxy resins, especially for
he fast-cure, quick-dry room-temperature epoxy coatings and
dhesives.
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