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(116 °C) was higher than that containing 100 % Jeffamine 
(73  °C). SEM observation showed a homogeneous phase 
with no phase separation and that the crack area increased 
as the content of the flexible curing agent increased.
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Introduction

Epoxy resins are one of the most important classes of 
thermosetting polymers. These resins are used as surface 
coatings, adhesives and engineering composites, and in 
construction, automotive, and aerospace industries. They 
possess numerous attractive properties, including high 
chemical and corrosion resistance, good mechanical and 
thermal properties, outstanding adhesion to various sub-
strates, low shrinkage upon curing, good electrical insu-
lating properties, and the ability to be processed under 
a variety of conditions [1–3]. Their brittleness and poor 
resistance to crack growth, however, are major drawbacks, 
which significantly limit their use in applications requiring 
high impact and fracture strength. The inherent brittleness 
of cured epoxy resins can be decreased by increasing the 
fracture toughness of the epoxy systems with minimum 
sacrifice of their thermo-mechanical properties [4, 5].

Various approaches have been used to enhance the 
toughness of epoxy resins, including chemical modifica-
tion of the epoxy backbone, lowering the cross-link den-
sity of the matrix by increasing the molecular weight of 
the epoxy monomers, decreasing the functionality of the 
curing agents, and incorporation of a dispersed toughener 
phase in the cured epoxy matrix or inorganic fillers into 
the neat resin [6, 7]. The second phase includes liquid 

Abstract  This study has examined the toughening of 
dicyandiamide-cured diglycidyl ether of bisphenol-A 
(DGEBA)-based epoxy resin with a flexible diamine. Eight 
different formulations were prepared by mixing DGEBA 
resin with a mixture of two curing agents of dicyandiamide 
(Dicy) and flexible polyoxypropylene diamine (Jeffam-
ine D-400) in the presence and the absence of Monuron 
as an accelerator. The effect of curing agents on the curing 
behavior of epoxy systems was studied using differential 
scanning calorimetry (DSC). The fracture surfaces of the 
tensile test samples were examined by scanning electron 
microscopy (SEM). The DSC results showed that the reac-
tion between Jeffamine and epoxy resin occurred within 
a much wider range of temperatures than the reaction of 
Dicy in the presence of accelerator. The tensile strength 
of the modified epoxies was much higher than the tensile 
strength of samples cured by one curing agent alone, due to 
the synergistic effect of the former. The tensile modulus of 
all samples was approximately equal and the Izod notched 
impact strength remained fairly constant up to 60  % Jef-
famine and then increased beyond this amount. The fracture 
toughness increased as the Jeffamine content increased. All 
samples containing Jeffamine showed greater elongation-
at-break. This behavior was a confirmation that Jeffamine 
increased the flexibility and toughness of Dicy-cured epoxy 
resin, even at 20 % Jeffamine content. The glass transition 
temperature (Tg) for epoxy resin containing 100  % Dicy 
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rubber toughening agents like carboxyl, amine or epoxy-
terminated butadiene-acrylonitrile rubber (CTBN, ATBN, 
ETBN) [8–10], thermoplastic modifiers such as polysul-
phones [11, 12], poly(ether imide)s [13], poly(ether sul-
phone)s [14, 15], polysiloxanes [16–18] and polyethylene 
glycol [19] and inorganic fillers/reinforcements such as 
silica, alumina trihydrate, zinc oxide, calcium carbonate, 
graphite powder, asbestos powder, and nanoparticles (car-
bon nanotubes) [20–22].

It is well known that a rubbery phase significantly 
decreases the thermo-mechanical properties in epoxy sys-
tems because of the presence of rubber particles or ther-
moplastic polymer. Increasing toughness by incorporating 
rigid particle fillers is less successful than incorporation 
of rubber-modified epoxy. Processing constraints and high 
application viscosity are significant limitations to the incor-
poration of rubber, thermoplastics and rigid particles into 
epoxy resins [23].

Toughening of epoxy resins can also be accomplished 
by adding flexibilizers. Jeffamine is a flexible polyether 
diamine that is extensively used as a hardener for the 
preparation of tough epoxy resins. The branched struc-
ture of Jeffamine, with its high reactivity and low vis-
cosity, can effectively increase the toughness of epoxy 
resins [24]. Toughening of epoxy resins using Jeffam-
ine to increase crack resistance has been a subject of 
intense research. Nograro et al. [25] studied the influence 
of the mixture of an aromatic amine (m-phenylenedi-
amine, mPDA) and an amine terminated poly(propylene 
oxide) with Jeffamine D230 and T403 on the dynamic 
and mechanical properties of epoxy resin as a function 
of mPDA content. They observed that the toughness of 
the mixtures increased as the aliphatic amine content 
increased.

Shan et  al. [26] studied the effect of three Jeffamines 
(D-230, D-400, and D-2000) as curing agents for epoxy 
resin (Epon 828). Their results showed that the difference 
in cross-link density of the resins was based on different 
molecular weights of the Jeffamines. The glass transition 
temperatures (Tg) varied from −38 to 80  °C. The tensile 
strength and strain-at-break of the samples decreased as the 
cross-link density increased.

Shi et al. [24] studied carbon nanotubes (CNTs) grafted 
with Jeffamine T-403 to increase the reinforcement and 
toughening of an epoxy resin (DGEBA, EPON 828). The 
results showed that the introduction of amino-functional-
ized MWNTs to epoxy resin increased the tensile and flex-
ural strength, toughness and Tg of epoxy resin without sac-
rificing the impact strength.

Yang et al. [27] used two flexible diamines (D-230 and 
D-400) to modify diethyl toluene diamine (DETD)-cured 
diglycidyl ether of bisphenol-A (DGEBA) epoxy resin. 
They have studied mechanical behavior of the modified 

epoxy at cryogenic temperature (77  K) and room tem-
perature (RT). The results showed that the elongation-
at-break and strength at RT and 77 K increased with the 
addition of flexible diamines. The DSC results showed 
that the Tg decreased as the flexible diamine contents 
increased.

The presence of a single Tg indicated that the modified 
epoxy resin had a homogeneous phase structure. At 77 K, 
the Young’s modulus was higher than that at RT at a given 
content of diamine. The results showed that the addition of 
a specific amount of flexible diamine both strengthened and 
toughened DGEBA epoxy resins at room temperature and 
77 K.

Flexible polyoxypropylene diamines (Jeffamine) can 
be simply incorporated into epoxy resins by a normal cure 
reaction between amine and epoxy [27]. Jeffamine as flexi-
bilizer increases the toughness, but decreases the thermal 
stability of the epoxy resin because of deformation at high 
temperatures, which has adverse effects such as decreases 
in Tg and Young’s modulus. One method to overcome 
this problem is the addition of another curing agent to the 
epoxy system having high thermal stability.

The curing agents are chosen based on the required 
physical and chemical properties, processing methods and 
curing conditions. Curing agents can influence the cur-
ing rate, curing chemistry, cross-link density, morphology, 
and affect the fracture toughness of modified epoxy resins. 
Dicyandiamide (Dicy) is widely used as a latent curing 
agent in heat-cured epoxy resins [3, 28, 29] and Dicy-cured 
DGEBA-based epoxy resins have wide applications, par-
ticularly in prepregs and adhesives.

It is necessary to use an accelerator to decrease the cur-
ing temperature of Dicy [30]. The curing of epoxy resin 
using Dicy results in a brittle structure, although no study 
has so far focused on decreasing the brittleness using flex-
ible polyether diamine. In this work, the simultaneous cur-
ing of an epoxy system with two curing agents was stud-
ied. To the best of our knowledge, no systematic work has 
yet been reported on the effect of the simultaneous use of 
mixtures of the two curing agents on the curing behavior, 
mechanical properties, and fracture toughness of epoxy 
resins. We used a flexible diamine to cure epoxy resin as 
modifying and curing reagent of epoxy system.

The present study examined ways to toughen the epoxy 
resin using a mixture of the curing agents, Dicy and Jef-
famine. Their effect on the mechanical and thermal proper-
ties of cured epoxy resin was studied. Different formula-
tions of epoxy resin were prepared by varying the curing 
agent ratio (Jeffamine/Dicy) with and without accelera-
tor. Curing characteristics, mechanical properties, fracture 
toughness, and dynamic mechanical properties of cured 
epoxy resin and microstructures of the fractured surfaces 
were also analyzed.
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Experimental

Materials

The epoxy resin used was a diglycidyl ether of bisphenol-A 
(DGEBA; Epikote 828, Momentive, USA) with an epoxy 
group content of 5.34 mmol/g. Dicyandiamide (Dicy) cur-
ing agent was supplied by Merck (Germany). Monuron 
(3-(4-chlorophenyl)-1,1-dimethylurea; purity 99  %) was 
used as received as an accelerator (Aldrich, UK). The 
flexible polyoxypropylene diamine, Jeffamine®D-400 
(MW =  400) was obtained from Huntsman. The chemical 
structures of the epoxy resin, curing agents and accelerator 
are shown in Scheme 1.

Preparation of samples

To evaluate the effect of two curing agents on DGEBA 
epoxy resin, eight formulations were prepared (Table  1). 
Two curing agents were mixed with epoxy resin as per 
calculated stoichiometric ratios. As Table 1 shows, sample 
1 contained only epoxy resin and Jeffamine. To prepare 
this sample, 100 phr of epoxy resin and 56 phr of Jeffam-
ine were mixed for 10  min at 40  °C. No accelerator was 

added for this sample. Sample 2 was prepared similarly, but 
2.5  phr of Monuron was added as an accelerator. Sample 
8 contained epoxy resin, Dicy and Monuron without Jef-
famine. Dicy curing agent needed an accelerator to cure at 
120 °C [31].

Samples 3 to 7 contained epoxy resin, a mixture of the 
two curing agents and Monuron as an accelerator. To pre-
pare these samples, 100  phr of the epoxy resin was first 
preheated at 70  °C and a specific amount of Dicy was 
added. The Dicy particles were well dispersed using a 
homogenizer and the mixture was stirred mechanically 
until its viscosity increased slightly to prevent sedimenta-
tion of Dicy. The mixture cooled then to 40 °C and speci-
fied amounts of Jeffamine and Monuron were added under 
mechanical stirring for 10  min until homogeneous mix-
tures were obtained.

Curing

All the samples were cured in a similar way. First, they 
were degassed in a vacuum oven for 10 min. The degassed 
resin mixtures were then poured into a preheated 80  °C 
waxed metal mold. The mold was placed into an oven at 
80 °C for 2 h and followed by 3 h at 120 °C for full curing.

Scheme 1   Chemical structures 
of DGEBA epoxy resin, Dicy, 
Monuron and Jeffamine

Table 1   Formulations for 
epoxy samples used in this 
study

Sample no. Sample code Epoxy resin, phr Jeffamine, phr (%) Dicy, phr (%) Monuron, phr

1 EJ100 100 56.0 (100) 0.0 (0) 0.0

2 EJ100D0 M 100 56.0 (100) 0.0 (0) 2.5

3 EJ80D20 M 100 44.8 (80) 1.4 (20) 2.5

4 EJ60D40 M 100 33.6 (60) 2.8 (40) 2.5

5 EJ50D50 M 100 28.0 (50) 3.5 (50) 2.5

6 EJ40D60 M 100 22.4 (40) 4.2 (60) 2.5

7 EJ20D80 M 100 11.2 (20) 5.6 (80) 2.5

8 EJ0D100 M 100 0.0 (0) 7.0 (100) 2.5
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Characterization and instrumentation

Differential scanning calorimetry

Differential scanning calorimetry (DSC) was used to inves-
tigate the curing behavior of the samples using a NETZSCH 
DSC 200F3 calorimeter (Germany). The specified amount 
of epoxy resin and curing agent mixture was placed in a 
shallow aluminum pan in the calorimeter. The measure-
ments were obtained under nitrogen atmosphere at a heating 
rate of 10 °C/min from room temperature to 300 °C.

Tensile and impact tests

The tensile properties of dumbbell-shaped cured samples 
were measured using a universal testing machine (UTM, 
150  kN, Santam, Iran). Tests were carried out according 
to ASTM D 638 standards. The crosshead speed of the 
machine was kept at 5 mm/min. The average of five speci-
mens was recorded.

The Izod notched impact method was used for impact 
testing according to ASTM D256 standard using a Zwick 
impact tester (model 5102). The dimensions of the rectan-
gular specimens were 63.5 × 12.7 × 3.5 mm3. The average 
of at least three specimens was recorded.

Fracture toughness test

Fracture toughness was measured using the critical stress 
intensity factor (KIC) in 3-point single-edge notched bend-
ing specimens (SENB) according to ASTM D5045 stand-
ard. Tests were performed using a UTM with crosshead 
speed of 10  mm/min. The dimensions of the rectangular 
specimens were 56.4 × 12.7 × 6.8 mm3. An initial crack 
(6.5 mm) was machined into the specimens and a natural 
crack was then generated by tapping on a fresh razor blade 
placed in the notch. KIC, was calculated as:

where PQ as the critical load for crack propagation (kN), B as 
the thickness of the specimen (cm); W the width of the speci-
men (cm); and f(x) as the non-dimensional shape factor:

where x = a/W and a, taken as the crack length (cm).

Dynamic mechanical thermal analysis

The storage modulus, loss modulus, and Tg were obtained 
by dynamic mechanical thermal analysis (DMTA) using a 

(1)KIc =
PQ

BW1/2
f (x),

(2)f (x) = 6
√
x

[

1.99− x(1− x)
(

2.15− 3.93x + 2.7x2
)]

(1+ 2x)(1− x)3/2
,

Tritec 2000B. A controlled sinusoidal strain was applied 
to a sample and the resulting stress was determined. 
Dynamic mechanical spectra were determined at −100 to 
200  °C at a heating rate of 5  °C/min and a constant fre-
quency of 1.0  Hz. The dimensions of the samples were 
13 × 10 × 1.5 mm3.

Scanning electron microscopy

The fracture surfaces of the tensile test samples were inves-
tigated by scanning electron microscopy (SEM) using a 
VEGA model SEM (Tescan) at a filament voltage of 20 kV. 
The surfaces of the fractured samples were sputter-coated 
with a thin layer of gold to provide a conductive surface for 
SEM.

Results and discussion

Curing process

Epoxy resins can react with curing agents at room temper-
ature, but heat is often applied to accelerate and improve 
curing [32]. The type of curing agent used affects curing 
and cross-linking of the epoxy resins and their thermal 
behavior. Accelerators are usually used to decrease the tem-
perature required by curing agents such as Dicy [31].

The present study used a mixture of Jeffamine and 
Dicy. Dicy is widely used as a curing agent in heat-cured 
epoxy resins. The effect of curing agents on the behavior 
of epoxy systems was studied by DSC. The results for the 
neat Dicy-cured epoxy sample (100 % Dicy, EJ0D100 M), 
the neat Jeffamine-cured epoxy sample (100 % Jeffamine, 
EJ100D0 M) and the sample containing 50 % of each cur-
ing agent (EJ50D50  M) are shown in Fig.  1. The curing 

Fig. 1   DSC thermograms for epoxy resin composed of 100  % Jef-
famine, 100 % Dicy, and 50 % each Jeffamine and Dicy
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characteristics of these formulations are summarized in 
Table 2. The curing data for the sample containing 100 % 
Jeffamine without accelerator (EJ100) are also shown in 
Table 2.

Figure  1 shows that the reaction between Jeffam-
ine and epoxy resin in the presence of accelerator occurs 
across a much wider range of temperatures than what it is 
required for the Dicy curing agent. This indicates that much 
longer time is needed to cure the Jeffamine-epoxy sam-
ple, although the peak curing temperature of Dicy is much 
higher than that of Jeffamine. The area under the DSC 
curve for the neat Jeffamine-cured epoxy sample is higher 
than that for the neat Dicy-cured epoxy sample, indicating 
that more heat has been released during curing of epoxy 
systems containing Jeffamine.

Figure  1 shows two peaks for the DSC curve of the 
sample containing a mixture of the two curing agents. The 
peak 1 can be attributed to Jeffamine and peak 2 to Dicy. 
Figure 1 and Table 2 indicate that the peak temperature of 
epoxy resin cured by Jeffamine only is about 128 °C and 
that cured by Dicy only is about 143 °C. The mixture with 
50 % Jeffamine and 50 % Dicy (EJ50D50 M) showed two 
peaks at around 116 and 146 °C.

With just using Jeffamine, the maximum curing tem-
perature is higher than when the mixture is used. When 
Dicy is used on its own, it displays a lower maximum cur-
ing temperature than that of the mixture. In three samples 
EJ100D0 M, EJ50D50 M, and EJ0D100 M, the accelera-
tor content was constant and equal to 2.5  phr, while the 
amount of curing agents was changed. Since the Jeffamine/
accelerator ratio in a neat Jeffamine-cured epoxy sample 
(EJ100D0  M) is higher than that in the sample contain-
ing 50  % Jeffamine (EJ50D50  M), the maximum curing 
temperature for Jeffamine occurs at lower temperatures. 
In other words, Jeffamine uses more accelerator than does 
Dicy. This decreases the maximum curing temperature for 
Jeffamine and increases the maximum curing temperature 
for Dicy.

Figure  1 shows an endothermic peak at about 209  °C. 
This is related to the melting point of Dicy and also indi-
cates that Dicy has not been completely consumed and 
some remained in the reaction mixture [33]. It should be 
noted that, if DSC were heated at a heating rate <10  °C/
min, this peak would likely disappear because there would 
be sufficient time to complete the curing reaction.

Effect of Monuron on curing behavior of epoxy/
Jeffamine

An accelerator is required to cure epoxy resins containing 
Dicy; thus, the effect of Monuron accelerator on the cur-
ing behavior of epoxy resin/Jeffamine was investigated. 
DSC results for neat Jeffamine-cured epoxy samples with 
accelerator (EJ100D0 M) and without accelerator (EJ100) 
were evaluated (Fig.  2; Table  2). When only Jeffamine  
curing agent was used to cure epoxy resin, the maximum 
curing temperature was 139.7  °C; when Monuron was 
added, the maximum curing temperature decreased to 
128  °C. The initial and final curing temperatures shifted 
downward from 206.8 to 182 °C. This indicated that Monu-
ron has affected the curing behavior of Jeffamine.

This behavior can be attributed to Monuron as a tertiary 
amine that catalyzes the reaction between Jeffamine and 
epoxy resin and decreases the maximum curing temperature 
[3]. Figure 2 and Table 2 show that the addition of accel-
erator did not significantly alter the initial curing tempera-
ture, which decreased from 96.2 to 93.7 °C, but significantly 
decreased the end curing temperature by about 25 °C. This 
decease can also be observed in the decrease in the tempera-
ture of the reaction for EJ100D0 M over that for EJ100.

Mechanical properties

Figure 3 shows the stress-strain curves of the samples con-
taining 100  % Dicy (EJ0D100  M) and 100  % Jeffamine 

Table 2   Cure characteristics 
of formulations with different 
amounts of curing agent

Sample code Initial temp., (°C) Peak temp., (°C) End temp., (°C) Heat of curing reaction (J/g)

EJ100 96.2 139.7 206.8 374.6

EJ100D0 M 93.7 128.0 182.0 340.2

EJ50D50 M 76.7 116 and 146 188.2 171.3

EJ0D100 M 134.7 143.4 157.0 257.2

Fig. 2   DSC thermograms for epoxy resin composed of 100  % Jef-
famine with and without Monuron accelerator



404	 Iran Polym J (2015) 24:399–410

1 3Iran Polymer and

Petrochemical Institute

(EJ100D0 M). As shown, the sole use of Dicy as a curing 
agent increased the brittleness of the epoxy sample; the 
stress-strain curve for this sample is a straight line while 
the stress-strain curve for the sample containing 100 % Jef-
famine shows significant curvature. The high elongation-at-
break value for the Jeffamine sample also confirms that this 
sample is flexible. This behavior has been due to the intro-
duction of flexible polyether groups of Jeffamine into the 
epoxy resin backbone, which has effectively decreased the 
brittleness of the cured epoxy resin [34].

The stress-strain curves for neat Jeffamine epoxy in the 
presence (EJ100D0 M) and absence of accelerator (EJ00) 
are compared in Fig.  4. As seen, the two samples show 
similar behavior up to strains of 1.5  % (40  MPa). After 
this point, they exhibit different behavior and EJ100D0 M 
shows higher strain and deflects faster than EJ00.

The average values for elongation-at-break, tensile 
strength, tensile modulus, and toughness (area under the 
stress-strain curve) are plotted as a function of Jeffamine 
content in Figs. 5, 6, 7, and 8, respectively. Figure 5 shows 

the variation of elongation-at-break versus Jeffamine con-
tent for all epoxy resins. As shown, all epoxy resins con-
taining Jeffamine exhibit higher elongation-at-break values 
than the sample without Jeffamine (0  %). This behavior 
confirms that Jeffamine curing agent increases the tough-
ness of Dicy-cured epoxy resin, even at 20 % Jeffamine.

Figure  5 shows that 20  % Jeffamine has increased 
elongation-at-break considerably. This behavior may be 

Fig. 3   Typical stress-strain curve for neat Jeffamine- and Dicy-cured 
epoxy resin

Fig. 4   Typical stress-strain curves for epoxy resin composed of 
100 % Jeffamine with and without Monuron accelerator

Fig. 5   Elongation-at-break of modified epoxies versus Jeffamine 
content

Fig. 6   Tensile strength of modified epoxies versus Jeffamine content

Fig. 7   Tensile modulus of modified epoxies versus Jeffamine content
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related to the result of the reaction between curing agents 
with epoxy resin. The reaction between epoxy resin and 
Jeffamine has formed flexible and longer bond lengths 
than the reaction between epoxy resin and Dicy. Short and 
rigid bonds are formed from the reaction between epoxy 
resin and Dicy. Increasing the percentage of Jeffamine has 
altered this trend; as Jeffamine content has increased, elon-
gation-at-break has remained almost constant.

Figure 4 shows the effect of accelerator on elongation-
at-break for epoxy resin/Jeffamine. As shown, elongation-
at-break in the presence of accelerator (4.24 ± 0.92 %) has 
greater than in the absence of accelerator (3.15 ± 0.20 %). 
This behavior can be ascribed to the formation of inter-
molecular bond lengths in the epoxy resin. The addition 
of accelerator has led to formation of tertiary amine as a 
catalyst, accelerating the reaction between epoxy resin 
and Jeffamine. The intermolecular bonds in the epoxy 
resin have increased because the accelerator has provided 
more oxirane rings for curing, increasing the reaction rate 
between the epoxy resin and Jeffamine. The increase in 
the number of intermolecular bonds has produced samples 
with acceptable strength; however, Jeffamine must have 
been settled between the epoxy resin molecules, increas-
ing the flexibility. This has produced both acceptable 
strength and good flexibility, which in turn increases the 
elongation-at-break.

Figure  6 shows the variation in tensile strength versus 
Jeffamine content for all modified epoxy resins. As seen, 
low percentages of Jeffamine have increased the tensile 
strength considerably and the effect has been intensified as 
the Jeffamine content is increased. At high Jeffamine con-
tent, however, tensile strength is decreased as the Jeffam-
ine content is increased. It should be noted that the tensile 
strength of all cured epoxy resins is higher than that of neat 
Dicy-cured or neat Jeffamine-cured epoxy. This indicates 
a synergistic effect from the curing reaction of these two 
agents. It can be inferred that a combined curing agents 

has increased tensile strength. Figure  4 shows the effect 
of accelerator on tensile strength for epoxy resin/Jeffam-
ine. The results show that tensile strength is deceased from 
56.64 ± 0.48 to 49.21 ± 3.9 MPa with the addition of an 
accelerator.

Figure  7 shows the effect of Jeffamine on the tensile 
modulus of all samples. All samples show similar values 
for tensile modulus; this probably has been due to simi-
lar tensile modulus values for the boundary samples con-
taining 100  % Dicy (EJ0D100  M) and 100  % Jeffamine 
(EJ100D0 M). The tensile modulus is 2892 ± 129 MPa for 
EJ0D100 M and 2643 ± 172 MPa for EJ100D0 M. These 
values are approximately equal in significance; the mixture 
of curing agents, thus, also produces similar values for ten-
sile modulus.

Figure 4 shows that the tensile modulus of epoxy resin/
Jeffamine system remains almost constant with the addition 
of accelerator. This means that the accelerator has had no 
significant effect on the tensile modulus of this system.

Figure  8 shows the area under the stress-strain curve, 
which is a measure of toughness. All samples contain-
ing Jeffamine give higher toughness values than a neat 
Dicy-cured epoxy. This indicates that the addition of small 
amounts of Jeffamine has considerably increased tough-
ness. The trend has been similar to that for elongation-at-
break (Fig. 5) for similar reasons.

Figure  4 shows the effect of accelerator on tough-
ness of the epoxy resin/Jeffamine system. The results 
show that the toughness has increased from 58.24 ± 6.79 
to 85.51  ±  15.52  kJ/m2 with the addition of accel-
erator. The reason for this decline is similar to that for 
elongation-at-break.

Figure  9 shows the notched Izod impact strength for 
modified epoxy samples as a function of Jeffamine content. 
As shown, impact strength has remained constant as the 
Jeffamine content is increased to 60 %; beyond this point, 
it is increased significantly. It is well known that the type 
and amount of curing agent affects the impact properties of 
epoxy resin. Dicy has formed short and weak bond lengths 
with epoxy resin molecules and produced low impact 
strength. Jeffamine has formed long bond lengths and the 
presence of ether groups in its structure has increased the 
impact strength of epoxy resin. The main reason for the 
constant impact strength up to 60  % Jeffamine content is 
the dominant role of Dicy in the cross-linking reaction of 
epoxy resin.

In samples containing 0, 20, 4, 50, and 60  % Jeffam-
ine, the cross-link network and the impact strength are 
controlled by Dicy. At high percentages of Jeffamine (80 
and 100 %), however, Dicy is not able to adjust the impact 
strength of the samples. In the sample containing 80 % Jef-
famine, the Jeffamine content is high enough to increase 
the flexibility of the epoxy resin and slightly increases the 

Fig. 8   Toughness of modified epoxies versus Jeffamine content



406	 Iran Polym J (2015) 24:399–410

1 3Iran Polymer and

Petrochemical Institute

impact strength of the sample. The neat Jeffamine-cured 
epoxy resin has the highest impact strength at 100 % Jef-
famine because of its flexibility.

Impact strength can be used to evaluate the effect of 
accelerator on Jeffamine. The results show that the addi-
tion of accelerator to the epoxy resin/Jeffamine sys-
tem decreases impact strength from 120.63  ±  15.87 to 
21.66  ±  8.71  J/m (about sixfold). This decrease can be 
attributed to the short intermolecular bond lengths in the 
epoxy network due to the presence of accelerator. The 
reaction between Monuron accelerator and epoxy resin 
and formation of a tertiary amine, as discussed above, has 
accelerated the curing process between the epoxy resin 
and Jeffamine. The increase in curing rate has decreased 
the intermolecular bond lengths and decreased the impact 
strength.

Figure 10 shows the variation in fracture toughness (KIC) 
as a function of Jeffamine content. As shown, KIC is con-
tinuously increased as Jeffamine content is increased in 
the epoxy resins. KIC for all samples containing Jeffamine 
is higher than in a neat Dicy-cured epoxy resin. This dem-
onstrates the poor crack resistance of the neat Dicy-cured 
epoxy resin and the high crack resistance of the samples 
cured by Jeffamine. As discussed before, Jeffamine leads 
to the formation of long bonds in the epoxy resin. As the 
content is increased the percentage of long bonds, the KIC 
of samples is also increased. Another reason for this trend 
is the presence of ether linkages in the Jeffamine backbone; 
the addition of the Jeffamine to epoxy resin has increased 
the toughness of samples. The toughness of samples has 
been increased as the Jeffamine content is increased. If 
we compare the data presented in Figs. 8, 9 and 10 we can 
evaluate the toughness of epoxy resin using the area under 
the tensile curves, Izod impact strength and KIC. It can be 
seen that there are good agreements between these data 
particularly for the trends in increased Izod impact strength 

and KIC. It is worth mentioning that the data of fracture 
toughness, KIC, which show the resistance of a material for 
crack propagation, is the best parameter for the evaluation 
of toughness.

Viscoelastic behavior

Figure 11 shows dynamic mechanical loss factor (tan δ) of 
the neat Dicy- and Jeffamine-cured epoxy resins and the 
sample containing 50 % of each curing agent as function 
of temperature. The glass transition temperatures (Tg; the 
maximum value of the tan δ curve) of these samples are 

Fig. 9   Impact strength of modified epoxies versus Jeffamine content

Fig. 10   KIC of modified epoxies versus Jeffamine content

Fig. 11   Effect of Jeffamine and Dicy content on tan δ of cured epoxy 
resins

Table 3   Tg obtained from dynamic-mechanical analysis

Sample code Glass transition temperature (°C)

EJ100 65.2

EJ100D0 M 73.1

EJ50D50 M 96.4

EJ0D100M 116.1
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given in Table 3. Figure 11 shows that tan δ is decreased 
as the Jeffamine content is decreased. The high loss factor 
and damping is another reason for the toughening of epoxy 
resin with the increase in Jeffamine. Figure 11 and Table 3 
indicate that the neat Dicy-cured epoxy resin has higher 
Tg values than the neat Jeffamine-cured epoxy resin. This 
behavior can be attributed to the formation of long bonds in 
the epoxy resin and the presence of ether groups in the Jef-
famine curing agent backbone. Tg for the sample contain-
ing 50 % of each curing agent (EJ50D50 M) falls between 
the Tg for neat Dicy-cured (EJ0D100 M) and that for neat 
Jeffamine-cured epoxy resin (EJ100D0  M). It is interest-
ing to note that the Tg values follow the rule of mixtures 
where the Tg for a sample containing a mixture of two cur-
ing agents can be calculated as:

where WDicy is the percentage of Dicy (wt); and WJeffam-

ine is the percentage of Jeffamine (wt). Equation  (3) pro-
duces a Tg of 94.6 °C for sample EJ50D50 M; the Tg value 
obtained from dynamical-mechanical analysis of this sam-
ple (Table 3) is 94.4 °C, which are similar. Tg for the sam-
ple containing 20  % Jeffamine has been calculated to be 
107.5 °C.

Figure  12 and Table  3 can be used to investigate the 
effect of accelerator on tan δ and Tg for the epoxy resin/
Jeffamine system. As shown, tan δ has increased slightly 
and Tg has increased by about 7.9 °C with the addition of 
accelerator. This is likely the result of greater cross-linking 
density.

Figure  13 shows the variation in the storage modu-
lus (E′) of the neat Dicy- and Jeffamine-cured epoxy res-
ins and the sample containing 50 % of each curing agent 
as a function of temperature. As shown, the three samples 
show similar trends with only one drop in storage modulus. 

(3)

Tg = WDicy ×
(

Tg

)

EJ0D100M
+ WJeffamine ×

(

Tg

)

EJ100D0M
,

Because Tg for neat Jeffamine-cured epoxy resin is lower 
than for the other samples, where the onset of decrease in 
the storage modulus for the sample containing 100 % Jef-
famine is faster. Figure 13 also indicates that the decrease 
in storage modulus for the neat Jeffamine-cured sample is 
higher than for the neat Dicy-cured sample, which is prob-
ably the result of the long bonds formed by Jeffamine that 
further degrades the curing agent and decreases the storage 
modulus. The higher storage modulus in the rubbery region 
of the Dicy-cured sample indicates the higher cross-linking 
density of this sample.

Figure 14 shows that the presence of Monuron accelera-
tor has no significant effect on the storage modulus of the 
epoxy/Jeffamine system. The slight increase in initial stor-
age modulus with the addition of accelerator is a result of 
the higher cross-linking density of the epoxy system con-
taining accelerator.

Morphology

The microscopic structure of the samples after curing has 
been investigated using SEM. The fracture surfaces of the 

Fig. 12   Effect of Monuron accelerator on tan δ of Jeffamine/epoxy 
system

Fig. 13   Effect of Jeffamine and Dicy content on storage modulus of 
cured epoxy resins

Fig. 14   Effect of Monuron accelerator on storage modulus of cured 
epoxy resins
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tensile samples are shown in Fig. 15 based on the increase 
in Jeffamine content. It can be clearly seen that the fracture 
surface of an unmodified epoxy resin is relatively rough 
and glassy, showing a typical brittle fracture mode, and the 
crack area has increased as the flexible curing agent con-
tent has been increased in the epoxy system. The increase 

in crack area of the modified epoxy resins indicates that 
greater energy is required to initiate fracture. It can be con-
cluded that the epoxy resins modified with Jeffamine have 
higher tensile strength and toughness. Further, the morphol-
ogy of the fracture surface shows a homogeneous mixture 
with no phase separation for epoxy resin. The transparency 

Fig. 15   SEM micrographs of fracture surfaces for different Jeffamine contents: a 0 %; b 20 %; c 40 %; d 50 %; e 60 %; f 80 %; g 100 %; h 
epoxy-Jeffamine without Monuron
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of all modified samples is another reason for the homoge-
neity of these samples.

Conclusion

Toughening Dicy-cured DGEBA-based epoxy resin with 
flexible diamine was investigated in the present study. Dif-
ferent formulations were prepared by mixing DGEBA with 
different percentages of the two curing agents and by vary-
ing their ratios in the presence or absence of Monuron as 
an accelerator. DSC results indicate that the reaction of 
Jeffamine with epoxy resin occurs across a wider span of 
temperature than the reaction of Dicy in the presence of 
accelerator.

The Tg for neat Dicy-cured epoxy resin (116  °C) is 
higher than that for the neat Jeffamine-cured epoxy resin 
(73  °C). All samples containing Jeffamine show higher 
elongation-at-break than the sample without Jeffamine. 
The stress-strain curve for the neat Jeffamine-cured epoxy 
sample is not a straight line and the high elongation-at-
break indicates that the sample is tough. This behavior 
can be attributed to the introduction of flexible polyether 
groups of Jeffamine into the epoxy resin backbone that has 
decreased the brittleness of the modified epoxy resin effec-
tively. These results confirm that Jeffamine curing agent 
can increase the toughness of epoxy resin, even in small 
amounts.

The tensile strength of the modified epoxies has much 
higher value than the tensile strength of samples cured by 
one curing agent alone, pointing to a synergistic effect. 
SEM results show a homogeneous phase with no phase 
separation and an increase in crack area with an increase in 
flexible curing agent content.
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