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g r a p h i c a l a b s t r a c t
� An epoxy resin system which can
cure at room temperature within 3 h
was designed.

� Reaction of AA with DDM released
the heat to promote curing reaction
of epoxy.

� Rapid prototyping epoxy/TF com-
posites were prepared.

� 213% and 233% enhancement in
Young's modulus and impact
strength, respectively.

� The thermal stability of the compos-
ites was also improved after the
addition of TF.
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a b s t r a c t

A novel self-exothermic curing agent, effectively able to cure the diglycidyl ether of bisphenol-A (E51
epoxy resin) at room temperature, has been synthesized by blending 4, 4’-diaminodiphenylmethane
(DDM) and acrylic acid (AA). The chemical structure of prepared curing agent was characterized by 1H
nuclear magnetic resonance (1H NMR) and Fourier transform infrared (FTIR). The curing behavior of epoxy
with synthesized room temperature hardener was studied by differential scanning calorimetry (DSC) and
FTIR. Results confirmed that the curing reactionwas completed in only 3 h, which can be attributed to the
high reactivity of the acryl amide groups with epoxy and high heat release fromDDM and AA reaction. The
5 wt% NaOH treated short hemp fibers (TF) were sandwiched in room temperature curing epoxy resin to
obtain rapid prototyping high performance composites. The effects of fiber content on the mechanical
properties of composites were studied in terms of tensile, flexural, and impact load. The tensile strength of
the composites was increased with the increase of the TF content, and the elongation at break was
decreased. Comparedwith the cured neat epoxy resin, an increase of about 233% in impact strength, 52% in
flexural modulus, and 213% in Young's modulus were recorded for the cured composite having 7.5 wt% TF
content. We used dynamic mechanical analyzer (DMA) and thermogravimetric analysis (TGA) to study the
effect of fiber content on the thermal properties of composites. The scanning electron microscope (SEM)
revealed excellent adhesion between TF and epoxy resin cured at room temperature.
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1. Introduction

Epoxy thermosetting resins have received considerable atten-
tion by industries because of their favorable mechanical properties,
high adhesive strength, low shrinkage on curing, and excellent
resistance against chemicals/weather. These excellent properties
increased the application of epoxy resins in the fields of adhesives,
packaging for electronic devices, insulation, coatings, composites,
flooring, and water proofing [1e4]. Epoxy resins are cured in the
presence of a curing agent to form the cross-linking structure.
Aliphatic amines have several advantages such as high reaction
activity, low melting temperature, low viscosity, and general
applicability, the key properties for room temperature cure adhe-
sives and coatings. However, the higher volatility, strong sensiti-
zation, quick carbonization in the air, and very strict stoichiometric
relation against epoxy are their major disadvantages, which restrict
their applications in certain fields [4]. The epoxies cured with ar-
omatic amine hardeners showed excellent properties as compared
to the aliphatic amine hardeners, however, high polymerization
enthalpy, curing temperature, and melting point are the associated
drawbacks of aromatic amine hardeners [5,6]. The most commonly
used and reported aromatic amine curing agents include 4,4’-dia-
minodiphenylmethane (DDM) [7e11], 1,3-diaminobenzene [12,13],
and 4,4’-diaminodiphenylsulfone (DDS) [14e19]. Dendrimer hard-
eners have several advantages over traditional amine-based hard-
eners like lower toxicity, low volatility, and high compatibility with
epoxies [20,21], however, the synthesis of dendrimers is complex
[22].

Since the start of 21st century, natural fibers (NF) including
hemp, jute, kenaf, sisal, banana, oil palm, flax, etc. have attracted
more attention as reinforcements in the polymer material. NF have
various advantages of eco-friendly, renewable, low density, cost
effective, especially when compared to synthetic fiber. In addition,
the NF have the advantages of an easy processability, no skin irri-
tation, highmechanical properties, high aspect ratio (L/D), and high
insulating and thermal properties, which broaden their usage in
different applications [23e26]. Hemp fibers were reported as fillers
for various polymer matrices such as epoxies [27e30], poly-
benzoxazines [31,32], poly(lactic acid) [33,34], starch acetate [35],
and vinyl ester [36].

In the current study, a simple synthesis procedure for room
temperature curing agent was designed by using the AA as DDM
modifier and the chemical structure of curing agent was analyzed
by 1H NMR. The curing behavior of epoxy resin with the prepared
self-exothermic hardener was characterized by FTIR and DSC.
Moreover, epoxy resins were reinforced using different amounts
of alkali treated hemp fibers (TF) and cured by the prepared
curing agent. The effects of the fiber content on the mechanical
and thermal properties of the prepared composites were
analyzed.
2. Experimental

2.1. Materials

The epoxy resin (E51) was kindly provided by Jiangxi Huacui
Advanced Materials Co. Ltd. (China). The DDM hardener was
purchased from Tianjin Kernel Chemical Reagent Co. Ltd. (China).
The acrylic acid (AA) was procured from Shanghai Jingchun Re-
agent Co. Ltd. (China). Short natural hemp fibers (SHF) were
kindly donated by Daqing Branch of Heilongjiang Academy of
Sciences, Daqing. Ethanol, cyclohexane and sodium hydroxide
(NaOH) were procured from Shanghai Jingchun Reagent Co., Ltd.,
China.
2.2. Preparation of composites

The SHF were treated by an alkaline treatment process for the
good fiber-resin interfacial adhesion. First of all, washing cycle (i.e.
with water, ethanol/cyclohexane (1:1, V/V), and water) was per-
formed on the SHF, for the removal of attached physical and
chemical impurities. Afterward, the washed SHF were soaked for
6 h under ambient conditions in a sodium hydroxide solution (5 wt
%). Then, the fibers were neutralized by washing with water and
acetic acid solution (1 wt%), vacuum dried for overnight at 60 �C,
and stored in an air tight pot.

The DDM was mixed with E51 epoxy resin at 60 �C and stirred
uniformly. Then an appropriate amount of TF was added into the
mixture and cooled down to room temperature. Finally, a certain
amount of AA (DDM and AAwith molar ratio 1:2) was added to the
mixture and stirred uniformly. The composite blends were poured
into steel molds having the required dimensions for the test spec-
imens and pressed at 15 MPa pressure for 3 h.

2.3. Characterization

The Perkin Elmer Spectrum 100 spectrometer was used to re-
cord the FTIR spectra in the range of 4000e450 cm�1. FTIR spectra
were obtained at 4 cm�1 after averaging four (04) scans by casting a
thin film on a KBr plate for samples. 1H NMR spectra were obtained
on a Bruker AVANCE-500 NMR spectrometer with tetramethylsi-
lane (TMS) as an internal standard and CDCl3 was used as the sol-
vent. The average number of transients for 1H NMR spectroscopy
was 16. DSC was performed under the flow of nitrogen (50mL/min)
on Q200, TA Instruments (USA) at a heating rate of 20 �C/min. The
thermal stability of the cured samples was studied from 50 �C to
820 �C under 50mL/min nitrogen purging. The Q50, TA Instruments
(USA), was used at 20 �C/min heating rate. The thermomechanical
properties of cured samples were tested on the DMA Q800, TA In-
struments (USA). The 30 � 10 � 2 mm3 rectangular sample was
loaded under a nitrogen atmosphere in single cantilever mode at
3 �C/min heating ramp and 1 Hz frequency. The specimen with
dimensions 50 � 10 � 2 mm3 were tested at 1 mm/min crosshead
speed on Instron 5569 instrument for tensile and flexural proper-
ties. The Izod impact tests were conducted on IT503 impact-
resistance, Tinius-Olsen China, whereas ASTM D256-2010 was
followed for evaluating impact resistance of composites. SEM mi-
crographs of gold sputtered fracture surfaces were taken on an
electron microscope CamScan MX2600FE, Oxford Instruments, UK,
at acceleration voltage of 20 kV using secondary electron detector
and a working distance about 35 mm.

3. Results and discussion

3.1. Synthesis and characterization of room temperature hardener

The reaction of AAwith DDM and curing reaction of epoxy resin
with the prepared hardener (AA þ DDM) at room temperature are
shown in Schemes 1 and 2, respectively. The chemical structures of
the neat DDM and the prepared curing agent were characterized by
1H NMR (Fig. 1). The DDM (curve a) indicates that the protons of the
primary amine at 3.52 ppm(1), the protons of Ar-CH2-Ar at
3.76 ppm (3), and the protons of phenyl rings at 6.59 and 6.95 ppm
(2). After 5 min of mixing of the AA in DDM (curve b), the primary
amine proton peak at 3.52 ppm disappeared and a new peak
attributed the proton acrylamide at 8.51 ppm (10) was observed.
Moreover, the protons of CH2¼CH- in the range of 5.93e6.16 ppm
(40) were also observed. The exothermic reaction of DDM and AA
produced acrylamide. The produced acrylamide reacted with DDM
via Michael addition reaction [4,37]. After 1.5 h of the AA blending



Scheme 1. The chemical structure and reaction route of curing agent.

Scheme 2. The curing reaction of epoxy resin with hardener.

Fig. 1. The chemical structure of neat DDM (a), and blend of AA and DDM, after 5 min
(b) and 1.5 h (c).

Fig. 2. FTIR spectra of neat DDM (a), and blend of AA and DDM for 5 min (b), 1.5 h (c).
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with DDM (curve c), the CH2¼CH- proton peaks at 5.93e6.16 ppm
and the acrylamide proton peak at 8.51 ppm disappeared. In
addition, new peaks at 6.42e6.62 ppm (200) attributed to the pro-
tons of phenyl ring were observed, which confirms that theMichael
addition reaction of acrylamide with unreacted DDM occurred. The
two triple peaks at 2.41 ppm (500) and 3.49 ppm (600) were assigned
to the protons of two methylene groups formed by the Michael
addition reaction of vinyl groups. The new single peak at 3.65 ppm
(100) can be attributed to the proton of Ar-NH-alk and the single
wide peak at 3.35 ppm (700) to Ar-NH2.

The FTIR spectra of the DDM and the prepared room tempera-
ture curing agent are described in Fig. 2. The DDM (curve a) showed
the vibration of primary amine peaks at 3446 and 3420 cm�1. The
3230 cm�1 peak represents the combined peak of aromatic primary
amine. After 5 min of blending the AA with DDM (curve b), the
primary amine peaks at 3446 and 3420 cm�1 disappeared, while
two new vibration peaks representing the acrylamide were
observed at 3427 and 1568 cm�1, which confirms the formation of
acrylamide from the reaction of the AA with DDM. In addition, a
new peak at 978 cm�1 attributed to the vibration of CH2¼CH- was
observed. After 1.5 h of mixing the AAwith DDM (curve c), the peak
at 978 cm�1 disappeared and a new combined peak of aromatic
primary amine at 3125 cm�1 was observed, this suggests that the
Michael addition reaction of acrylamide with unreacted DDM
occurred. The peaks at 3376 and 1568 cm�1 explained the presence
of acrylamide in the prepared curing agent.
3.2. Curing behavior of room temperature curing epoxy resin

The curing behavior of room temperature curing epoxy resin
was characterized by FTIR and DSC, and the produced curves are
displayed in Figs. 3and 4. In the epoxy/DDM system (curve a), two
peaks at 3456 and 3360 cm�1 correspond to the vibration of pri-
mary amine of DDM. The 3230 cm�1 peak represents the combined
peak of aromatic primary amine and 915 cm�1 peak is related to the
vibration of the epoxy group of E51 resin. When AAwas added into
blends (curve b), the peaks of primary amine of DDM at 3456, 3360
and 3230 cm�1 were not strong, which indicated the absence of the
primary amine as shown in FTIR spectrum. After curing at room
temperature for 1.5 h (curve c), the peaks of the typical primary
amine at 3456 and 3230 cm�1 disappeared, which indicated the
primary amine of DDM had reacted. However, the peak at



Fig. 3. The FTIR spectra of epoxy resin with DDM (a), and after 0 h (b), 1.5 h (c), and
3 h (d) of blending AA in epoxy/DDM.

Fig. 4. DSC thermograms of epoxy resins at different curing stage.
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3360 cm�1 did not disappear, suggesting the acrylamide was pro-
duced during curing. In addition, the vibration of the epoxy group
at 915 cm�1 was weakened, suggesting that the curing reaction of
epoxy resin with acrylamide was initiated. Subsequently, after
curing for 3 h (curve d), the peaks at 3360 and 915 cm�1 repre-
senting the acrylamide and epoxy, respectively, completely dis-
appeared, indicating the completion of curing reaction.

The DSC thermograms of epoxy resins, shown in Fig. 4, indicated
Table 1
The onset temperature of curing, temperature of curing reaction and enthalpy of curing

Curing time (Min) Onset temperature of curing (�C)

0 29
20 30
30 29
50 35
90 40
130 50
180 e
that the curing peak gradually weakened and moved towards high
temperatures by increasing the curing time. After curing at room
temperature for 3 h, the exothermic peak completely disappeared.
In addition, the presence of the glass transition on the DSC curve of
the cured sample further confirmed that the efficiency of the
adopted curing program. The DSC parameters shown in Table 1
indicated that curing reaction enthalpy (DH) gradually decreased
from 300 to 0 J/g as the curing time proceeds from 0 to 3 h,
respectively. In addition, the decline in (DH) was high prior to 2 h of
curing time, and became slow during 2e3 h. This indicates that the
high viscosity of the epoxy system can reduce the movement of
chain segments and curing reaction. Moreover, the onset curing
temperature and temperature of curing increased from 29 to 50 �C
and from 84 to 97 �C, respectively, as the curing time goes on. This
can be related to the higher energy demand of epoxy system with
the increase of curing degree for the completion of curing reaction.

3.3. FTIR of SHF and TF

Since SHF contains hemicellulose, pectin and lignin [31], these
substances could be decomposed in acidic media. SHF in the epoxy
resin systemwould be decomposed, resulting in poor performance
of composites. Therefore, SHF were treated with NaOH solution to
remove these components. The FTIR spectra of SHF and TF are
shown in Fig. 5. As compared to the SHF FTIR spectrum, the peak at
1638 cm�1, attributed to carbonyl groups of pectin and hemicel-
lulose in fibers, disappeared and the weak peak at 660 cm�1 rep-
resenting the bending peak of carboxylic acid in the pectin almost
disappeared as well, which indicates that the pectin and hemicel-
lulose were removed to a great extent by treating with alkali.
Moreover, it can be seen that the C-O-C peaks (1260 and
1102 cm�1), OH peaks (3432 cm�1), CH peaks (2920 cm�1) and CH2
symmetric bending peaks (1388 cm�1) weakened, which demon-
strates partially removed pectin, hemicellulose, and lignin from
SHF.

3.4. Curing behavior of composites

The FTIR spectra of the epoxy resin/TF composites at different
curing stages are given in Fig. 6 and the FTIR spectra of the cured
epoxy resin and composites are shown in Fig. 7. It can be seen
(Fig. 6) that peak shifts are similar to the shifts of the pure epoxy
system (Fig. 7). However, compared with the pure cured epoxy
resin in Fig. 7, the hydroxyl peak (3417 cm�1) on the FTIR spectrum
of the composite is wider, which can be attributed to a larger
number of hydrogen bonds formed between hydroxyl groups of the
fibers and hydroxyl groups generated in the curing reaction of
epoxy resin.

3.5. Mechanical properties

The effects of the fiber content on the mechanical properties of
the resulting composites were investigated by the tensile, bending
of epoxy resin at different curing stages as determined by DSC.

Temperature of curing reaction (�C) Enthalpy of curing (J/g)

84 300
88 225
92 137
93 110
93 77
97 66
e 0



Fig. 5. The FTIR spectra of SHF and TF.

Fig. 6. The FTIR spectra of epoxy resin/TF composites at different curing stage, 0 h (a),
1 h (b), 2 h (c), and 3 h (d).

Fig. 7. The FTIR curves of the cured pure epoxy resin (a) and TF composite (b).

Fig. 8. The stress-strain curves of composites at 0% (a), 2.5% (b), 5% (c), 7.5% (d), and
10 wt% (e) TF loading.

Fig. 9. The effects of TF wt% loading on flexural properties of composites.

Fig. 10. The effects of TF wt% loading on the impact strength of composites.
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Table 2
The mechanical properties of room temperature curing epoxy resin and related composites.

Sample Tensile properties Flexural properties Impact strength (kJ/m2)

Strength (MPa) Modulus (MPa) Elongation (%) Strength (MPa) Modulus (MPa)

Epoxy 58.51 377.97 15.48 88.56 2544 9.37
Epoxy/TF2.5 66.29 469.47 14.12 95.2 2836 12.56
Epoxy/TF5 68.69 623.32 11.02 108.56 3629 24.18
Epoxy/TF7.5 71.72 1181.55 6.07 113.26 3862 31.24
Epoxy/TF10 45.97 908.49 5.06 77.43 3216 10.31

Fig. 11. The thermomechanical properties of TF filled composites, storage modulus (A) and tan delta (B).

Table 3
DMA and TGA results of room temperature curing epoxy resin and related composites.

Sample DMA TGA

Storage modulus (MPa) Tg (�C) T5% (�C) T10% (�C) Yc (at 800 �C) (%)

Epoxy 1927 76.1 194.5 246.7 17.84
Epoxy/TF2.5 2126 80.1 197.3 253.8 12.84
Epoxy/TF5 2925 85.2 199.9 264.4 13.94
Epoxy/TF7.5 3225 90.1 207.0 277.0 18.97
Epoxy/TF10 3762 93.5 208.3 319.2 14.89
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and impact tests as shown in Figs. 8e10 and the corresponding data
were summarized in Table 2. From the tensile stress-strain curves,
it can be observed that the elongation at break decreased in the
system Epoxy/TF0 to Epoxy/TF7.5. Meanwhile, the tensile strength
increased from 58.51 MPa to 71.72 MPa with 23% improvement.
Moreover, in contrast with the system Epoxy/TF0, Young's modulus
of other composites had been greatly improved. The Epoxy/TF7.5
system exhibited the maximum modulus, resulting in an increase
of 213%, which indicates that a large amount of hydrogen bonds
were generated between hydroxyl groups of the fibers and matrix,
causing the high adhesion in composites. However, the tensile,
flexural and impact properties of Epoxy/TF10 system decreased.

The flexural strength, modulus and impact strength increased
with the increase of fiber content up to 7.5% with improvements of
28%, 36% and 233%, respectively (Figs. 9 and 10). Comparedwith the
pure epoxy resin, the improvements in tensile and bending
strength of the composites are relatively low, which indicated that
the TF cannot bear too much load in the matrix. However, the
impact strength increased by more than 2 times, mainly due to the
formation of hydrogen bonds between the fiber and resin, which
could disperse the internal stress generated by the imposed load,
making the fibers play the role of absorption of impact energy.
3.6. Dynamic mechanical analysis (DMA)

The DMA was used to evaluate the thermomechanical behavior
of the room temperature cured epoxy resin and its composites. The
variation in the storage modulus (G0) and tan delta as a function of
temperature for the cured epoxy and the related composites are
depicted in Fig. 11, and parameters are listed in Table 3. The storage
modulus reflects the deformation of the material under a certain
load. It can be seen that the storage modulus increased with the
increase of the fiber content from 1927 MPa for the neat epoxy to
3762 MPa for the composite with 10 wt% TF (Table 3). The Epoxy/
TF10 system has the maximum modulus value, resulting in an in-
crease of 95% compared with the Epoxy system. The main reason is
that the number of hydrogen bonds between the fiber and the
matrix increased, reducing the segmental motion in the composite
material, thus enhancing the storage modulus of the composite
materials.

The damping factor (tan delta) represents the adhesion between
the filler and the matrix in the composite [38]. It can be seen from



Fig. 12. TGA (A) and DTG (B) curves of cured epoxy resin and composites.

Fig. 13. The SEM micrographs of SHF (A) and TF (B), and bending fracture surface of composites with 2.5e10 wt% TF loading(C-F).
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tan delta curves in Fig. 11(B) that the curve peak value decreased
and became wider as the fiber content increased. The decrease in
tan delta peak value represents a stronger adhesion between the
fibers and the matrix in the composites. Moreover, we also

mailto:Image of Fig. 13|eps
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observed that the glass transition temperature (Tg) of the material
increased with the content of reinforcing fibers, indicating the
increased rigidity of polymer chains [39].

3.7. Thermogravimetric analysis (TGA)

The thermal stability of cured epoxy and composites was stud-
ied by TGA (Fig. 12, Table 3). It can be seen from Fig. 12(A) that the
thermal stability of composites was improved by fibers content in
epoxy resin. The decomposition temperatures at 5% and 10% mass
loss (T5% and T10%) of the composites were slightly improved from
194.5 �C to 208.3 �C and from 246.7 �C to 319.2 �C with the increase
of the fibers content up to 10 wt% (Table 3). The thermal stabili-
zation effect of treated hemp fibers was ascribed to excellent heat
resistance of TF and a large number of hydrogen bonds between TF
and epoxy matrix as determined by FTIR (Fig. 7).

The DTG curves of cured epoxy and composites (Fig. 12(B))
display two mass loss processes. The alkyl chains produced from
Michael addition reaction can be easily decomposed at a lower
temperature, causing the first weight loss process at about 200 �C
[20,21]. In addition, by increasing the fiber content in the com-
posite, the alkyl chain content in the system decreased, resulting
that the low temperature weight loss peak weakened. The mass
loss process at about 400 �C is assigned to the decomposition of the
epoxy resin. Compared to the pure epoxy resin, the mass loss of
composites gradually decreased due to the higher thermal stability
of the TF indicating a reinforcement effect of TF.

3.8. Morphology

The surface morphology of fibers and fiber-matrix interface
adhesion of composites were studied by SEM (Fig. 13). It can be
clearly seen from Fig. 13(A) that the SHF had a relatively smooth
surface, without any defects and holes. On the other hand, the
surface of the alkali treated fibers became rough and some free
spaces were also observed on the fiber surface, which is ascribed to
removal of hemicellulose, pectin and lignin from SHF during alkali
treatment. The resulting voids and rough surfaces can accommo-
date the epoxy resin, resulting in excellent adhesion between the
fibers and matrix, thereby improving the performance of the
composites. From Fig. 13(C)e(F), it can be seen that the fiber
diameter is about 40e100 mm. From Fig. 13(C), there was no defect
and bubble on the fracture surface and plenty of microfibers were
observed, showing an excellent interface between the resin and the
fiber. In Fig. 13(E), voids formed by fibers pullout from matrix were
found. We can also observe cracks on the edges of these holes. This
is because the adhesive stress between the matrix and fiber caused
the resin to crack when the fiber came out of the matrix. These
observations can prove that the fibers were effectively bonded to
the epoxy matrix. In addition from Fig. 13(F), some bubbles and
defects were found on the interface between fiber and resin. This is
because of the fibers' agglomeration occurred on the high fiber
content, resulting in the low adhesion between the fibers and
producing bubbles and defects.

4. Conclusions

A new kind of epoxy resin systemwhich can be quickly cured at
room temperature was designed. The structure of room tempera-
ture curing agentwas characterized by FTIR and 1HNMR. The course
of reaction of the systemat room temperature curingwas studied by
FTIR and DSC analysis. Both studies confirmed that the epoxy resin
was completely cured within 3 h at room temperature. Moreover,
SHF were treated with the alkaline solution and TF were reinforced
in the epoxy system cured at room temperature. Hydrogen bonding
was confirmed between the resin and TF from the FTIR spectra of
composites. Mechanical properties were improved after the addi-
tion of TF in the epoxy resin and reached itsmaximumvalues at only
7.5 wt% loading. Thermal stabilities of the TF composites were also
improved as the reinforcement of TF increased. The morphology
studies revealed that the adhesion of epoxy resin with TF was good
due to the existence of hydrogen bonds.
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