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Curing of epoxy resins by bio-based phenalkamines
vs low-molecular-weight amines: study by DSC

Jraté Jonikaité-Svégzdiené",
Liepa Pastarnokiené"?,
Virginija Jukneviciaté',
Ric¢ardas Makuska'

! Department of Polymer Chemistry,
Vilnius University,

24 Naugarduko Street,

03225 Vilnius, Lithuania

2 Litnobiles UAB,
17 Kojelaviciaus Street,
11101 Vilnius, Lithuania

In this study, curing of BPA-based epoxy resins Araldite®GY-2600 and
Araldite®GY-240 by low-molecular-weight amines EDA, TETA and
Jeftamine D-230, and bio-based phenalkamines Cardolite®NX-6019,
CardoliteLite-2002 and Cardolite®’GX-6004 was studied by differential
scanning calorimetry (DSC) and rheology measurements. DSC provided
quantitative information on the overall reaction kinetics (the enthalpy
of curing reaction, AH,; cure degree, a; curing reaction rate, da/dt) and
the glass transition temperature (Tg) of the cured product. It was dem-
onstrated that the DSC curing of epoxy resins by phenalkamines started
at lower temperature, and the curing rates were slightly lower compared
to those cured by low-molecular-weight amine hardeners. The enthal-
py of the curing by phenalkamines was lower, especially in the case of
more viscous epoxy resin GY-2600. T, of the cured epoxy resins varied
from 50 to 98°C and was slightly lower when cured with cardanol-based
phenalkamines. The results demonstrate that curing of epoxy resins by
bio-based phenalkamines proceeds in a similar temperature interval like
using low-molecular-weight amines as hardeners but with less exother-
mic effect, which could be an advantage.
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INTRODUCTION

Phenalkamines are Mannich base generally syn-
thesised from equimolar quantities of cardanol,

Phenalkamines (PA) are a relatively new class of
curing agents for epoxy resins, widely used in pro-
tective coatings. Advantages of these curing agents
are related to low/room temperature curing appli-
cations, a good moisture tolerance and a good sur-
face appearance of the coatings []. PA are bio-
based amines synthesised from cardanol refined
from renewable material, Cashew nut shell liquid
(CNSL) [E, H]. CNSL has proven itself to be an in-
valuable resource for the development of a wide va-
riety of products including not only epoxy curing
agents but also other components of epoxy resins
and polyurethanes, and much more [E].

* Corresponding author. Email: jurate.jonikaite-svegzdiene@chgf.vu.lt

formaldehyde and polyamine (Scheme 1) [E].

The distinctive structure of PA has some effect
on the properties of the resulting paints and coat-
ings. Due to a long aliphatic alkyl side chain of
cardanol, PA-containing paints are characterised
by lower viscosity and surface tension, and im-
proved wetting properties; the resulting coatings
possess a good flexibility and hydrophobicity, and
an improved water resistance. The aromatic back-
bone of PA gives an excellent chemical resistance.
Side chains of PA containing amino- and imino-
groups react easily with the epoxy groups giving
highly cross-linked products. A high activity of
PA even at ambient temperature as well as a good
adhesion is related to the presence of the phenolic
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(n=0,1,2,3..)

Scheme 1. The synthesis and structure—property relationship of phenalkamines [6]

hydroxyl group. Furthermore, PA hardeners are
known for a low toxicity, which makes them eco-
friendly.

Curing low-molecular-weight epoxy resins by
amine hardeners, tightly cross-linked materials
with high Tg are formed usually [ﬁ]. To reduce
the brittleness (and the same, Tg) of the cured
epoxy resins, phenalkamines can be successfully
used in an eco-friendly way. The curing mecha-
nism and properties of the epoxy coatings depend
on the PA structure, molecular weight and amine
value.

Differential scanning calorimetry (DSC) is
a thermal analysis technique widely used to ob-
tain a thorough understanding of the cure kinetics
of various systems. A DSC calorimeter captures
the exothermic heat flow which is released during
the cross-linking process of a reactive polymer in
respect of curing time under isothermal or non-
isothermal conditions [E]. The curing kinetics of
various epoxy-based systems has been extensively
investigated by this method []. Furthermore,
DSC is very useful to gain additional information
about the extent of cross-linking by changes in
glass transition temperature (Tg). Some authors
declare that T is even more suited for monitoring
of the cross-linking process than the cure degree
a [, [i71.

Rheology is the science of deformation and
the flow of matter and describes the interrelation
between force, deformation and time. Flow prop-
erties of a fluid are usually characterised by a plot
of the shear stress associated with the shear rate

applied to the fluid. One of the important rheo-
logical terms is viscosity, which is a measure of its
resistance to deformation at a given rate. The ini-
tial viscosity of epoxy resin—amine mixture is in-
creasing with curing time, which could serve as an
indicator of the curing rate [].

The objective of the present work was to evalu-
ate the kinetics of DSC curing of commonly used
liquid epoxy resins by bio-based phenalkamines
and compare with curing using typical low-mo-
lecular-weight amines. The further objective was
to identify the specific features of curing of epoxy
resins by cardanol-based phenalkamines in regard
with the thermal effect, development of cure de-
gree, and pot-life of the curing systems.

EXPERIMENTAL

Materials

Commercial epoxy resins and amine hardeners
typically used in anti-corrosion epoxy-based coat-
ings were used in this study. Bisphenol-A epoxy
resins with commercial names Araldite® GY-240
(epoxy equivalent weight (EEW) 178-183 g/eq,
viscosity (25°C) 7000-9000 mPa-s) and Araldite®
GY-2600 (EEW 184-190 g/eq, viscosity (25°C)
12000-14000 mPa-s) were from Huntsman Co.
Low-molecular-weight amines 1,2-ethanediamine
(EDA, amine equivalent weight (AEW) 15 g/eq),
triethylenetetramine (TETA, mixture of four eth-
yleneamines with similar boiling points including
linear, branched and two cyclic, AEW = 24 g/eq)
and amine-terminated polyoxypropylene glycol
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(polyetheramine) with the commercial name Jef-
tamine® D-230 (AEW = 60 g/eq) were provided
by Huntsman Co. Cardanol-based phenalkamines
with the commercial name Cardolite® were kindly
donated by Cardolite Co. The commercial names
and the composition of bio-based phenalkamines
are given in Table .

Batches for DSC measurements were made by
mixing 1 g of epoxy resin and the corresponding
amount of an amine hardener. The mixing ratio
of epoxy resin to a curing agent was stoichiomet-
ric. The amount of a hardener (g) required to cure
1 g of an epoxy resin was calculated by the equa-

tion [] :

Table 1. The composition of cardanol-based commercial phenalkamines*

Cardolite®
RCTPEEIE Lite-2002, % GX-6004, % NX-6019, %
(REW =104 eq/g) (REW =76 eq/q) (AEW =133 eq/q)
Cardanol-based phenalkamine 72-78 50-62 68-75
1,1'-(1,3-Phenylene)di(methanamine)
m-Xylylenediamine (MXDA)
18-22 15-23 1-2
Cashew (Anacardium occidentale) nutshell extract,
decarboxylated, distilled N 16-20 18-21
N'-(2-Aminoethyl)-N?-{2-[(2-aminoethyl)amino]ethyl}
ethane-1,2-diamine
Tetraethylenepentamine (TEPA) 4-6 _ _
N N
HZN/\/ \/\H/\/ \/\NHQ
2,2,4-Trimethylhexane-1,6-diamine (TMD)
\X)\/\ i N i
H-N
2 NH,
2,4,6-Tris[(dimethylamino)methyl]phenol
(DMP)
- - 3-4
N',N'-Dimethylpropane-1,3-diamine
Dimethylaminopropylamine (DMAPA)
HiC B B 3
3 \[?l/\/\NHZ
CH;
Phenol - - 0.6-0.9
Ethylenediamine (EDA) - - 0.6-0.9

* From the material safety data sheets (MSDS) of phenalkamines.
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_AEW-m

m, =

epoxyresin

EEW

The general structure of BPA-based epoxy res-
ins and amines used in this study is presented in
Scheme 2.

DSC measurements

A calorimeter Perkin Elmer DSC8500 was used
to study curing of epoxy resins by amines. A non-
isothermal DSC test was performed under ni-
trogen atmosphere (rate 40 mL/min). A sealed
empty aluminium pan was used as a reference.
Samples of 3-5 mg were heated from -60 to
200°C at the rate of 10°C/min. and then kept at
this temperature for additional 10 min. The heat
flow curves were recorded, and the thermal data
were further processed to determine the cure de-
gree (a) and the curing reaction rate (da/dt). After
the first heating, the temperature was decreased to
-60°C and equilibrated for 3 min. Then the sec-
ond heating at the rate 10°C/min to 200°C was
performed, which was used for determination of
the glass transition temperature (Tg) of the cured
system.

Rheological measurements

A rheometer Anton Paar MCR302 was used to
study the initial stage of curing and for the de-
termination of pot-life of the curing system.
The pot-life refers to the amount of time it takes
for the product’s initial mixed viscosity to dou-
ble []. The measurements were performed at
25°C with a parallel-plate of diameter 50 mm and
a distance between the parallel plate and the base

mount of 1 mm, and the shear rate was kept con-
stant at 0.25 s™'. The viscosity (in mPa-s) was
measured every 5 s.

RESULTS AND DISCUSSION

To demonstrate the curing progress of the epoxy
resin-amine system, non-isothermal DSC tests
were carried out. Some results of these tests pre-
sented in the form of DSC curves are shown in
Fig. . The heat flow as a function of temperature
was determined and the thermal data were further
processed to determine the cure degree a (Fig. )
as well as the rate of the curing reaction da/dt
(Figs. H—@). The cure degree a was calculated by
the ratio a = AH JAH, [é], where AH , represents
the enthalpy of the curing reaction at time ¢, and
AH_ is the total enthalpy of the curing reaction of
the epoxy resin. AH_ was calculated by integrating
the heat flow over the whole exothermic peak for
a completely uncured sample. The curing reaction
rate (da/dt) is proportional to the measured heat
flow (dH/dt) [@] or, the same, to the changes in
the cure degree. da/dt was calculated by taking
the derivatives of the curves presented in Fig. .
Evidently, the curing reaction is an exothermic
process which is represented by one exothermic
peak (Fig. ). From the curing curves, the initial
curing temperature (7)), peak curing temperature
(Tp), terminal curing temperature (T,) [@] and en-
thalpy of the curing reaction (AH,) were obtained
and listed in Table 2. Some data were not pro-
cessed due to the instability of the baseline (cases
of EDA and TETA). The initial curing temperature
T, did not depend on the type of the epoxy resin

Scheme 2. Structure of the epoxy resins and amine hardeners used in the present study
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Fig. 1. DSC curing of the epoxy resins GY-240 (a) or GY-2600 (b) by different amines

but was dependent on the type of the hardener be-
ing the lowest for the phenalkamines NX-6019 and
GX-6004 (Table @). Curing by Jeffamine D-230 was
evidently late, which was reflected in higher values
of T, T, and T, The peak curing temperature T,
obtained by using other hardeners including phen-
alkamines was similar and close to 100°C.

During curing, the cure degree a starts at 0 and
can reach a maximum value of 1, representing
the fully cured epoxy resin (Fig. ). The relation-
ship between the curing reaction rate (da/dt) and
temperature is presented in Fig. H The curing rate
in all the cases increases gently when the epoxy

resin-amine system begins to cure. As the reaction
progresses, the heat released by the curing reaction
itself simultaneously accelerates the curing process.
Thus, the internal system epoxy resin-amine most
likely exhibits an autocatalytic curing reaction
mechanism (Scheme 3) [H].

The maximal values of the curing reaction rate
were reached at about 100°C with an exception for
the mixture containing Jeffamine D-230. When
most of the functional groups were reacted, the cur-
ing rate of the epoxy resin—amine system started to
gradually decrease and at 150-200°C approached
the values close to 0.
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Fig. 2. The dependence of the cure degree a on temperature under DSC curing of the epoxy resins GY240 (a) and GY2600 (b) by different amines
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Table 2. Characteristic parameters of the DSC curing of epoxy resins by different amines

Amine hardener T,°C T, °C T,°C AT=T-T,°C AH, J/g T
Epoxy resin GY-240
EDA 72.6 100.9 132.7 60.1 - 76
TETA 64.7 100.0 142.7 78.0 4314 -
Jeffamine D-230 85.2 126.5 188.9 103.7 386.0 80
Lite-2002 64.2 108.9 161.3 97.1 363.9 73
NX-6019 48.2 99.9 146.0 97.8 3449 50
GX-6004 55.0 96.8 136.0 81.0 308.5 85
Epoxy resin GY-2600

EDA 715 103.1 141.4 69.9 3124 53
TETA 62.9 94.7 142.4 79.5 - 98
Jeffamine D-230 83.2 127.7 186.1 102.9 397.9 71
Lite-2002 63.9 108.9 158.0 94.1 335.1 76
NX-6019 47.1 103.0 146.9 99.8 276.8 53
GX-6004 55.5 96.8 137.2 81.7 2914 82

The relationship between the curing rate do/dt
and the cure degree a is given in Fig. @ As the cur-
ing reaction progresses, the curing rate increases,
reaches maximal values at the degree of curing
0.45-0.55 and then gradually decreases. There are
no obvious differences in curing by low-molecular-
weight amines and bio-based phenalkamines.

Enthalpy of the cure reaction of the epoxy resin
GY-240 by various hardeners was slightly higher
compared to that of GY-2600. Curing of the epoxy
resins by low-molecular-weight amines TETA and
Jeffamine D-230 was accompanied by the high-
est exothermic effect (AH, about 386-431 ]/g).
The highest curing rates (more than 0.2 min™) were
characteristic of the epoxy resins cured by low-mo-
lecular-weight amines EDA and TETA. Curing by

O

~

i \ A 2y B © c HO
+ NHR]RZ —_— \ — —_—
R R “NHR,R, R/\ N+ /\ \

these hardeners started at 63-73°C, and the cure
interval was relatively narrow and ranged 60-80°C.
Surprisingly, curing of the epoxy resins by poly-
etheramine Jeffamine D-230 proceeded at a signifi-
cantly higher temperature. The curing rate of this
system was lower (about 0.175 min™), irrespective of
the epoxy resin used, and the full cure was reached at
much higher temperature (at about 190°C).

The enthalpy of curing of the epoxy resins by
phenalkamines Lite-2002, GX-6004 or NX-6019 was
lower (AH,277-364]/g). In these cases, the cure pro-
cess started earlier (at about 47-64°C), and the cure
interval was broader (about 80-100°C). The lowest
curing rates were characteristic of the epoxy resins
mixed with phenalkamines NX-6019 and Lite-2002,
0.15 min™ and 0.175 min™, respectively (Fig. E).

NHR,R, R NR;R,

R “NHR,R,

Scheme 3. The general mechanism presenting the autocatalytic nature of curing epoxy resins by amines: A, formation of an intermediate com-
plex; B, ring-opening; C, proton transfer; D, the autocatalytic role of OH groups
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Fig. 3. The dependence of the curing reaction rate da/dt on temperature under DSC curing of epoxy resins GY-240 (a) and GY-2600 (b) by dif-

ferent amines

Curing by the phenalkamine GX-6004 proceeded
a little bit faster (do/dt almost 0.2 min™') giving
the lowest peak curing temperature (T, 96.8°C).
Thus, it seems that GX-6004 is the most active phen-
alkamine among all investigated. This phenomenon
can be attributed to highly reactive 2,2,4-trimethyl-
hexane-1,6-diamine (TMD) [@] present in the com-
position of this phenalkamine.

The glass transition temperature (Tg) of the cur-
ed epoxy resins is associated with the crosslinking
density of the system (Fig. H). T, of the cured epoxy
resins varied from 50 to 98°C and was dependent on
the type of hardener (Table ). The effect of the type

of the epoxy resin (GY-240 or GY-2600) on Tg was
much less. The highest Tg (98°C) was characteristic
of the epoxy resin GY-2600 cured by TETA. Likely,
a tightly crosslinked network was formed in this
case due to a high functionality of TETA and short
distances between active centers. Lower values of
T, were characteristic of the epoxy resins cured by
EDA and Jeffamine D-230. The crosslinking densi-
ty in the cured epoxy resins is expected to be lower
in these cases due to a lower functionality of these
hardeners. Lower T of the epoxy resins cured by
phenalkamines NX-6019 and Lite-2002 (50-76°C)
could be attributed to the long alkyl chains present

TETA EDA b
0.25 Jeffamine D-230 a 0.25 Jeffamine D-230
Lite-2002 Lite-2002
GX-6004 GX-6004
) 0.20 NX-6019 . 0.20 NX-6019
5 0.15 5 1
g 0. g 0.15
§ 5
2 0.10 2 0.10
0.05 0.05
0.00 0.00
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
a a

Fig. 4. The relationship between the curing rate da/dt and the cure degree a under DSC curing of epoxy resins GY-240 (a) and GY-2600 (b) by
different amines
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Fig. 5. DSC curves of the epoxy resins GY-240 (a) and GY-2600 (b) cured using different amines (second heating)

in the phenalkamines, which increase the flexibil-
ity and chain mobility in the cured system. Slightly
higher T (82-85°C) was characteristic of the epoxy
resins cured by phenalkamine GX-6004. This cor-
relates well with a higher reactivity of this hardener
demonstrated by DSC studies.

The curing of epoxy resins by amine harden-
ers results in a consistent increase in the viscosity
of the system. The rate of viscosity changes could
be an indicator of the activity of reacting compo-
nents during the initial stage of curing. Changes
in the viscosity of the curing epoxy resins at room
temperature during 1-2 h after mixing were eval-
uated by a rotational rheometer. The pot-life of
the curing systems was considered to be a quan-
titative parameter reflecting the rate of the cure
process (Table H). The curves presenting changes in

the viscosity of the epoxy resins GY-240 and GY-
2600 mixed with various amines show a similar
trend (Fig. H). The initial viscosity of the epoxy res-
ins mixed with low-molecular-weight amines EDA
and TETA, and phenalkamine Lite-2002 doubles in
approx. 25-35 min. The pot-life of the epoxy resins
mixed with Jeffamine D-230 is more than 120 min.
This indicates that the activity of Jeffamine D-230
at room temperature is very low. Nevertheless,
this amine could be used as a hardener for epoxy
resins at higher temperatures, as it was shown by
DSC studies. The shortest pot-life (less than 20 min)
was characteristic of the systems comprising epoxy
resins and phenalkamines NX-6019 and GX-6004.
A high reactivity of the phenalkamine GX-6004 in
curing epoxy resins was determined also by DSC
studies (Fig. E).

Table 3. Dynamic viscosity and pot-life of the mixtures of epoxy resins and amine hardeners

Amine hardener

Initial viscosity, mPa-s

Pot-life, min

Initial viscosity, mPa-s Pot-life, min

Epoxy resin GY-240 Epoxy resin GY-2600
EDA 1050 355 1500 30
TETA 1680 26.5 2490 24.5
Jeffamine D-230 530 >120 790 >120
Lite-2002 2320 30 2510 30
NX-6019 3960 12 3900 12.5
GX-6004 6010 15 7000 19
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Fig. 6. Changes in the dynamic viscosity of the epoxy resins GY-240 (a) and GY-2600 (b) after mixing with various amine hardeners

A short pot-life of the systems containing epoxy
resins and phenalkamine NX-6019 correlates well
with the lowest initial curing temperature (at about
48°C) (Table ), which means that the energetic bar-
rier to start curing reactions is low. Thus, the DSC
curing of epoxy resins by phenalkamine NX-6019
starts earlier and, regardless a lower curing rate,
reaches full curing in approximately the same time
as by using the most reactive phenalkamine GX-
6004 (Fig. é)

CONCLUSIONS

The curing of BPA-based epoxy resins
Araldite’GY-2600 and Araldite’GY-240 by low-
molecular-weight amines EDA, TETA and Jetf-
famine D-230, and bio-based phenalkamines
Cardolite’NX-6019,  Cardolite’Lite-2002  and
Cardolite*GX-6004 was studied by DSC and rhe-
ology measurements. Usually, the DSC curing of
epoxy resins by phenalkamines started at lower
temperature, the cure temperature interval was
broader, and the curing rates were slightly lower
compared to those cured by low-molecular-weight
amine hardeners. The enthalpy of the curing by
phenalkamines was lower, especially in the case
of more viscous epoxy resin GY-2600, which is an
advantage. The curing of epoxy resins by phen-
alkamine NX-6019 was characterised by the lowest
initial curing temperature and the shortiest pot-life
while curing by the phenalkamine GX-6004 started
later but proceeded with the highest rate. The glass

transition temperature T of the cured epoxy resins
depended on the type of the hardener and varied
from 50 to 98°C. Slightly lower T of the epoxy res-
ins cured by phenalkamines is related to the long
alkyl chains present in the composition of the phen-
alkamines, which increases the flexibility and chain
mobility in the cured system. Nevertheless, the use
of the most reactive phenalkamine GX-6004 pro-
vided a possibility to increase T, of the cured epoxy
resins to 80-85°C.
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Juraté ]0nikaité-§végidiené, Liepa Pastarnokiené,
Virginija Jukneviciaté, Ricardas Makuska
EPOKSIDINIU DERVUY KIETINIMO
BIOLOGINES KILMES FENALKAMINAIS IR

MAZAMOLEKULIAIS AMINAIS TYRIMAS DSK
METODU

Santrauka

Dviejy BPA tipo komerciniy epoksidiniy dervy Aral-
dite® GY-2600 ir Araldite® GY-240 kietinimas (tinkli-
nimas), naudojant mazos molekulinés masés aminus
EDA, TETA ir Jeffamine D-230, taip pat i§ kardanolio
susintetintus fenalkaminus Cardolite® NX-6019, Car-
dolite® Lite-2002 bei Cardolite® GX-6004, buvo tirtas di-
ferencinés skenuojamosios kalorimetrijos (DSK) ir re-
ologijos metodais. Nustatyti tokie svarbais parametrai
kaip epoksidiniy dervy tinklinimo reakcijos entalpija
AH,, sutinklinimo laipsnis a ir tinklinimo greitis da/dt,
taip pat sutinklinty epoksidiniy dervy stikléjimo tem-
peratiira T . Naudojant fenalkaminus, tinklinimo re-
akcijos prasidéjo Siek tiek Zemesnéje temperataroje ir
vyko $iek tiek mazesniu greic¢iu nei kietinimui naudo-
jant mazamolekulius aminus. Tinklinimo fenalkami-
nais entalpijos poky¢iai buvo mazesni, ypa¢ tinklinant
didesnés klampos epoksidine derva GY-2600. Epok-
sidiniy dervy ir fenalkamino NX-6019 sistemai buvo
budinga maziausia pradiné tinklinimo temperatara ir
trumpiausia darbo su kietinama derva trukmeé, o ty pa-
¢iy dervy tinklinimas fenalkaminu GX-6004 prasidéjo
véliau, taciau vyko didziausiu grei¢iu. I§ kardanolio
susintetinty fenalkaminy naudojimas epoksidinéms
dervoms kietinti turi privalumy, nes reakcijos pakan-
kamai greitai vyksta net ir kambario temperatiroje,
pasiekiamas didelis sutinklinimo laipsnis ir iSvengia-
ma kietinamos sistemos perkaitimo. Sutinklinty epok-
sidiniy dervy stikléjimo temperatira kito tarp 50 °C ir
98 °C, ir buvo $iek tiek Zemesné, kai tinklinimui buvo
naudojami fenalkaminai. Norint stikléjimo tempera-
targ padidinti iki 80-85 °C, kietinimui reikia naudoti
reaktingiausia fenalkaming GX-6004.
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