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ABSTRACT: A new soften curing agent for toughening
epoxy resins was synthesized by m-phenylene diamine
modified with epoxypropyl butyl ether. The curing proc-
esses of epoxy resin/modified m-phenylene diamine were
traced by differential scanning calorimetry (DSC), then ki-
netic parameters, AE and n, were deduced. Fourier trans-
form infrared (FTIR) analysis showed that the longer the
reaction time was, the smaller the absorption peaks of ep-
oxy group were. The results of the mechanical properties

demonstrated that the impact property of the epoxy resin
cured by modified m-phenylene diamine at the moderate
temperature was better than that of cured by unmodified
one because of the introduction of soft ether chain. © 2011
Wiley Periodicals, Inc. ] Appl Polym Sci 125: 578-583, 2012
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INTRODUCTION

Epoxy resins have high chemical and corrosion
resistance, outstanding adhesion properties, low
shrinkage upon curing, and good electrical proper-
ties. Principal applications for these resins include
protective coatings, composite matrices, and adhe-
sives. But, as a consequence of their highly cross-
linked structure, these materials tend to suffer from
brittleness, poor crack resistance, and low fracture
toughness.' Tt is necessary that toughening epoxy
resins to adapt to the various aspects of needs.
Epoxy resins can be cured by catalytic or coreac-
tive curing agents. The ultimate properties of cured
resins can be controlled according to end use by
proper choice of curing agent and curing conditions.
Although epoxy resins are used for a wide range of
applications, their inability to withstand impact is a
serious drawback for several advanced applications.
Four methods of toughening brittle epoxy resins are
known: Type l—chemically modify with a more
flexible backbone; Type 2—increase molecular
weight of the epoxy backbone resin; Type 3—
decrease crosslinking density of the matrix; Type 4—
incorporate a dispersed toughener phase in the
epoxy matrix.>* Major investigations focused on
forming blends by adding thermoplastic polymers
or rubbers into epoxy resin in order to improve
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toughness of epoxy resins.”'' The methods of
toughened epoxy generally lead to the loss of modu-
lus, glass transition temperature, and solvent resist-
ance, thus limiting the number of high-performance
application of these resins. The most effective
approach is the introduction of a second component
which is capable of phase separation as reactive lig-
uid rubber,** thermoplastic,"”"” or core-shell par-
ticles."®* Considerable attention has been paid to
the use of functionalized curing agents for epoxy
resins. By designing molecules’ structure of curing
agents or synthesizing flexible curing agents, the
toughness, crack resistance, and other properties of
the epoxy resins could be improved,”*** what is
popular increasingly from now on.

Amine curing agents are the most widely used in
the epoxy resins. But the unmodified amines can not
meet the needs of developments, since they are of
defects as follows: (a) some have volatility and toxic-
ity; (b) some have bad blend with epoxy resin; (c)
some have fast curing speed; (d) some are solid using
inconveniently; (e) some are easy to absorb damp
and CO, which make the surface of the solidification
white; (f) some are brittle; etc. Thus, a great many of
modified amines are developed to play down volatil-
ity and toxicity, regulate curing speed and reaction
heat, reduce viscosity or make them liquefy, amend
soakage and blend with epoxy, enhance strength and
toughness, ameliorate curing performances at low
temperature, humidity, underwater and some other
extreme conditions. The modified amines have al-
ready become major variety of amine curing agent,
its applications are more and more widely. The
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TABLE 1
Raw Materials List

Chemical description Abbreviation Suppliers

E51(DYD-128): E51
bisphenol-A type
epoxy resin (liquid,
average epoxy value
is 0.51)

Dalian Qihua
Chemical Co. Ltd.

m-phenylene diamine m-PDA  Tianjin Kermel Chemical
Reagent Exploiture
Center
epoxypropyl butyl EPBE Tianjin Kermel Chemical
ether Reagent Exploiture

Center

modified methods are either chemical or physical, in
which the chemical ways are major. The modified
amine was synthesized by utilizing additions or con-
densations of the activate H or other groups of amine
curing agents with modifier in the chemical modifica-
tions.”® Now, developing new curing agents is more
important than exploiting new epoxy resins, and
which also acquires economic benefits easily.

The curing agent having polyfunctionality is the
most ideal product due to its excellent curing prop-
erty. In this article, in order to prepare a kind of
polyfunctional curing agents of epoxy resins, epoxy-
propyl butyl ether (EPBE) was selected to modify
m-phenylene diamine (m-PDA). Thus, the epoxy
resin could be toughened by the introduced long
ether chain of EPBE.

EXPERIMENTAL
Materials

The raw materials used in this study are listed in Ta-
ble I. All these materials except epoxy resin were
laboratory grade chemicals and were used without
further purification.

Preparation of PDAE

The modified m-PDA having soft ether chain of
EPBE (PDAE) was synthesized by the nucleophilic

NH,

(l)H
HN—CHz_CH_CH2_0C4Hg

/N
NH, + CHy—CHwvwvv —»
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substitution reaction of m-PDA with EPBE as show
in Scheme 1. A typical procedure for the synthesis of
PDAE is as follows. The m-PDA was introduced into
a 250 mL four-necked flask equipped with a me-
chanical stirrer, an inlet of nitrogen, a condenser and
a thermometer. The reactant was heated to melt in a
constant temperature water bath. EPBE was added
dropwise with stirring; the dropping rate was con-
trolled. The reaction has been at 70°C for 5 h.

Measurements

FTIR spectra for the samples were recorded using
Spectrum 100 FTIR (PekinElmer Corporation, USA)
analyzer in the range of 4000-400 cm '; the samples
were dissolved in acetone and evaporated on potas-
sium bromide (KBr) disc under infrared (IR) lamp.

Differential scanning calorimetric (DSC) analyses
were performed on a Netzsch DSC 204F1 in a nitro-
gen atmosphere. Calibration was achieved using in-
dium standard samples. Scans were run at heating
rate of 10°C/min. Reported values were obtained
from a second heating after a quick cooling.

For mechanical characterization, five specimens
were prepared by casting the resin onto PTFE molds
having precise size and shape.

Impact tests were carried out on a JJ-20 memora-
ble impact tester at room temperature. Specimens
were molded with dimension of 80 + 2 mm? length,
10 * 0.5 mm? width and 4 = 0.2 mm? thickness.

Tensile shear tests were put into practice on a NLW-
20 shear tester of adhesive at room temperature. Joint
areas of aluminum alloy specimen were 15 x 15 mm®.

Tensile tests were accomplished on a CS5-2200
universal testing machine at room temperature. In a
typical tensile test, a polymer sample, in the form of
a dogbone (Fig. 1 and Table II), is clamped at one
end and pulled at a constant speed of 2 mm/min of
elongation at the other clamped end. The thinner
portion of the tensile specimen encourages the sam-
ple to fail at the center of the bar, where the stress is
the highest, and not at the grip sites, where stress
concentration may otherwise result in premature
failure.

NH,
o)
/N H
NH, + CH,—CH—CH,—O0C,Hy —» N—CHZ—Cle—CHz—OC4Hg

OH
OH

|
NH-CH,—CH—CH,—OC,H,
NH—CHz—cl:Hm
OH

Scheme 1 Reactions involved in the synthesis of m-PDA having soft ether chain.

Journal of Applied Polymer Science DOI 10.1002/app



580

d
gh T ~— 3 [ e
o
Go N
C N
H -
P L

Figure 1 Dimension of the samples of tensile tests.

RESULTS AND DISCUSSION
FTIR analysis

In epoxy/PDAE blends, curing reaction was done at
80°C. FTIR studies were conducted to examine the
curing degree of curing reaction. The analyses of the
samples were performed every 20 min, and then the
FTIR spectra were depicted in Figure 2.

From Figure 2, the absorption characteristic of
epoxy group was at 915 cm . According to

Lambert-beer law:
A=¢-b-C 1)

where, A is the absorbency, ¢ is the absorption coef-
ficient, b is the sample width of light passes through,
C is the concentration of sample. The film thickness
was adjusted to make the A value less than 1 at 915
cm ' during experiment, which make it preferably
linear. The absorption intensity of epoxy groups
decreased in slightly with increasing time. This indi-
cated that epoxy groups were reacted with the pri-
mary amine. Because it is a slender absorption peak,
reading straight forwards would be prone to even
greater errors. Chosen the characteristic peak of ben-
zene ring at 1508 cm ™' to be a reference peak, the
ratio of 2‘19_1;% is described the degree of curing.
Thus, degree of curing at time f is:

TABLE II
Dimensions of Tensile Specimens

Dimension Tolerance

Designation Description (mm) (mm)

L Total length (the least) 150 -

H Space between clamp 115 +5.0

C Length of middle 60 +0.5
parallel part

Go Valid part 50 +0.5

W Width of end part 20 +0.2

d thickness 4 -

b Width of middle parallel 10 +0.2
part

R Radius (the least) 60 -
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Figure 2 FTIR spectra of curing reaction at 80°C.
(Ag15/A1508);
Di=1———+"——2 (2)
(Ao1s/A1s08),

where, D; is the degree of curing at time t, (Agis5/

Ajsps); is the ratio of QL““”] at time t, (Agi5/A1508)0
1508 cm™

. . Age . .
is the ratio of A’”Si““ll at time 0. The absorbencies are
1508 cm—

represented in Table III and the degree of curing is
shown in Figure 3.

From Figure 2, strong absorptions at 3400 cm™
(—OH forms hydrogen bend) increased gradually.
The mechanism of amine cured epoxy resins is pre-
sented in Scheme 2.

From Scheme 2, the secondary amine group
formed in this reaction can react further to give a
tertiary amine. Therefore, the percentage of
unreacted epoxy groups decreased and the hydroxyl
groups increased with increasing time.

1

Thermal properties

DSC analysis

The activities of the epoxy resin systems cured by
PDAE are related to both epoxy resins and curing

TABLE III
Absorbency of Curing
Reaction time/min A915cm’1 A1508cm’1 :915% D,
1508cm
0 0.205 0.655 0.313 0
20 0.158 0.534 0.296 0.054
40 0.125 0.466 0.268 0.144
60 0.095 0.377 0.252 0.195
80 0.066 0.35 0.189 0.396
100 0.062 0.35 0.177 0.434

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 3 Degree of curing reaction at 80°C.

agents. Figure 4 shows the DSC curves of cured ep-
oxy resins with different contents of PDAE.

As seen in Figure 4, the weight ratios of PDAE
and epoxy resins are 1:1.6,1:2, and 1 : 2.5, respec-
tively. There is only one exothermic on every DSC
curve. However, the location of each peak and the
value of reaction heat are different from the others.
The damping peak corresponding to the temperature
is displaced to higher temperatures as addition of
PDAE. The exothermic enthalpy (AH) of each peak
indicates the degree of curing. The curing is not
completed and the value of AH is low with less cur-
ing agent or at lower curing temperature. As a
result, the system is not cured completely unless it is
at higher curing temperature and for longer curing
time. On the contrary, excessive amounts of curing
agents may promote excessive curing so that the
reaction would be carried out under more violent
conditions and generally the molded products
would become hard and fragile. In Figure 4, the
temperature of the exothermic peak is the lowest
when the ratio of PDAE and epoxy resin was 1 : 1.6.

DSC curves of different heating rates are shown in
Figure 5 when the ratio of PDAE and epoxy resins
was 1 : 2. There is only one exothermic peak each,
which indicates that the curing is an exothermic and
one-step reaction. However, the peaks are displaced
to higher temperatures as increased heating rates.

OH
/O\
—NH, + CH;—CHwvwvv —3= —NHCH;—CHwvwv

C[)H

?H /0\ CHy;—CHwvwv
—NHCH,—CHvwv + CH;—CHuvwu —» —N

CHZ—(l:Hu‘V\-

OH

Scheme 2 Mechanism of amine cured epoxy resins.

581

texothermic

DSC/AmWImg)

60 80 100 120 140 160 180 200
Temperature /C

Figure 4 DSC curves of curing systems with different
content of modified curing agents.

The reason is that the curing time is decreased and
the exothermic enthalpy per unit time is increased as
increased the heating rate, thus, the exothermic geak
turned peakedly and produced caloric hysteresis.*”

Kinetic parameters deduction

The kinetic parameters, such as apparent activation
energy and reaction order, are important to under-
stand the resin curing. The curing reaction would
have completed only if the energy of reactive mole-
cules was more than the activation energy. The reac-
tion order might be expected the mechanism of the
curing reaction.

Curing kinetics of epoxy resins would be studied
according to Kissinger equation (3)**2" (the data see
Fig. 5):

d[In(B/T3)]

aayry) MR ©

t exothermic

(a)5°C/min
10F  m10Cmin
(c)15°C/min
(d)20°C/min

DSC/(mW/mg)

10 . . N . N
80 100 120 140 160 180 200

Temperature /'C
Figure 5 DSC curves at different heating rates.
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Figure 6 Curve of —In(B/Tp?) versus 1/Tp.

where B is the constant heating rate (K/min), T, is
the top-peak temperature (K), R is the ideal gas con-
stant (8.314 J/mol K), AE is the apparent activation
energy (kJ/mol).

The curve of —In(B/Tp?) versus 1/Tp is shown in
Figure 6.

From Figure 6, the slope of the line is 3.754 x 107
K from which the apparent activation energy (AE) of
E51/m-PDA/EPBE can be calculated as 3.121 kJ/mol.

The reaction order could be calculated according
to Crane equation (4)*530.

d(np)  (AE
A0/T) (R * QTP) @

where, 1 is the reaction order.

The curve of Inp versus 1/Tp is shown in Figure 7.
Crane deemed that the slope of the beeline is —AE/nR
when AE/nR >> 2T,. The slope value is —6.711 x 10%
K, then AE/nR = 6.711 x 10? where AE has obtained
from eq. (3), so the reaction order could be calculated
and its value was 0.56, not an integer, which indicates
the curing reaction is a complicated course.

Mechanical properties

The system of m-PDA cured epoxy resins suffered
the drawbacks of brittleness, which limits its appli-
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Figure 7 Curve of Inf versus 1/Tp.

cations. The introduction of EPBE groups into curing
agents can always improve their toughness effec-
tively. To determine the effect of toughening mecha-
nism on the mechanical properties of epoxy resin
system, various formulations were performed by the
incorporation of PDAE in different weight ratios.
The mechanical properties of epoxy resins which
were cured with m-PDA or PDAE are given in Table
IV. The impact, tensile, and tensile shear strengths of
the cured resins increased on addition of PDAE but
the weight ratio more than 1 : 3, all strength proper-
ties of cured resins effected adversely. And they
reach a maximum value by using weight ratio of 1 :
3. The impact strength increases from 4.22 kJ/ m? to
743 K]/ m?, the tensile strength increases from 8.19
MPa to 21.89 MPa, and the tensile shear strength
increases from 5.53 MPa to 17.53 MPa. These maxi-
mum values all exceed the ones which cured with
m-PDA.

The properties are also depended on the amount
of curing agents. Since the molecule of the curing
agent was smaller than that of epoxy resin, further
addition of curing agents could influence on the
viscosity of curing system which made it difficult
to get polymer; while decrease could make the
curing reaction incomplete, consequently, the val-
ues of mechanical properties are lower. Therefore,
the solidifier of excellent properties would be

TABLE IV
Mechanical Properties of Epoxy Resins of Different Curing Agents

Curing agent m-PDA Modified m-PDA®
m(curing agent) : m(resin)® 1:6 1:2 1:3 1:4
Impact strength (kJ/m?) 3.59 = 0.20 422 +=0.20 743 +0.25 3.97 = 0.20
Tensile shear strength (MPa) 10.78 = 1 5.53 + 0.2 1753 =1 3.36 =+ 0.2
Tensile strength (MPa) 1356 = 1 8.19 = 0.5 21.89 = 1 7.64 = 0.5

@ Modified m-PDA was synthesized when the molar ratio of EPBE and m-PDA was 1 : 1, curing conditions: 100°C, 3.5 h.

b

Journal of Applied Polymer Science DOI 10.1002/app

m(curing agent) : m(resin) means weight ratio of curing agent and resin.
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obtained only if the amount of curing agents were
appropriate. On the basis of mechanical properties
tested, it can be said that PDAE is the better one
as a toughener and the weight ratio of curing
agents in the epoxy resin formulations is the key
factor to determine the efficiency of PDAE as the
toughener.

Toughening mechanism analysis

In conclusion, the PDAE is synthesized by EPBE
reacting to m-PDA, and the toughening mechanism
is presented in Scheme 1.

EPBE being introduced into m-PDA, the primary
amidocyanogen is decreased while molecular weight
is increased. The structure of the PDAE is of long
ether chain, which made the solidifier toughened.

CONCLUSION

E51 was toughened, which was cured with EPBE
modified m-PDA. The mechanism of amine curing
agents cured epoxy resin was deduced from FTIR of
curing process. Kinetic parameters can be calculated
using DSC analysis: the apparent activation energy
AE = 3.121 kJ/mol and the reaction order n = 0.56,
which indicates the curing reaction was a compli-
cated course. The mechanical properties as impact,
tensile, and tensile shear strength of E51/m-PDA or
PDAE system were measured. No gap impact
strength of molded epoxy which was cured with m-
PDA was only 3.59 kJ/m? while that of done with
PDAE was 7.43 kJ/ m?, increased by 107%. More-
over, the tensile and tensile shear strength of this
cured system present a trend same as the impact
strength, their maximum values were 21.89 MPa and
17.53 MPa, respectively, these maximum values all
exceed the ones which cured with m-PDA. The
weight ratio of curing agent was key factor for the
mechanical properties of toughened resins. Take the
impact strength, tensile strength and tensile shear
strength of the cured systems as a whole into
account, the most suitable composition to improve
the mechanical properties of the epoxy matrix was
obtain at 1/3 w/w. Finally, toughening mechanism
has been indicated that the curing agent, PDAE,
made the epoxy resins toughened because EPBE was
introduced.
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