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Abstract. Novel epoxy-benzoxazine emulsions designed for water-based coatings were prepared and investigated. Bisphenol#A-based epoxy resins with molar weights of 340, 377 and 1750 g/mol along with epoxidized soybean oil were emulsified using mono- and bi-functional benzoxazine surfactants, which are able to react with epoxy resins at their cure
temperature. The structure of synthesized surfactants carrying one or two polyether chains was confirmed using Fourier
transform infrared spectroscopy, 1H nuclear magnetic resonance and differential scanning calorimetry. Stability of emulsions was verified by particle diameters measurements. Coatings, made directly from emulsions, were dried and cured at
elevated temperature using 3,3$-dimetoxybenzidine as curing agent to ensure a highly cross-linked structure of thermosetting films. Curing process, thermal properties and hardness of cured films were investigated. It was found that benzoxazine
molecules were well incorporated into the epoxy network upon curing, which ensures no void structure of cured copolymer
and enhanced coating properties.
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1. Introduction

Benzoxazine resins are a novel class of thermosetting phenolic resins, which can be synthesized from
raw materials, such as phenols, formaldehyde and
primary amines. Holly and Cope [1] were the first
who reported the synthesis of benzoxazine in 1944.
The polymerization and curing process of a benzoxazine compound is subjected to thermally accelerated, cationic ring-opening polymerization with or
without an added initiator [2]. Benzoxazine polymerization is autocatalyzed as the newly produced
phenolic structure, generated with ring opening
mechanism, acts as an initiator and catalyst [2–5]. No
by-products are formed during the curing process,
resulting in no void in the final structure. Polybenzoxazines have excellent mechanical properties
such as high modulus, high strength and high glass
transition temperature (Tg), which is usually higher

than their curing temperature. This, in combination
with other advantages, such as high char yield, storage stability of the resins at room temperature, low
heat release, near-zero shrinkage during curing, superior FST (fire, smoke, toxicity) properties and low
water uptake, make polybenzoxazines very promising materials for future applications [2, 4–7]. Moreover, the versatile chemistry of benzoxazines offers
the possibility of designing benzoxazine molecules
with novel and/or specific properties, which give
applicative functions. Designed properties of benzoxazine molecules may be achieved by a proper
selection of phenol and amine compounds for the
synthesis.
The polymerization and curing temperature of benzoxazine resins, which usually take place in temperature range between 140 and 220°C, may be higher
than desirable for some industrial applications.
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Their low cross-linking density, which is surprisingly low considering their high stiffness and Tg compared with other thermosets, is an additional problem. The main reason for high stiffness is the presence of strong H-bonds between polybenzoxazine
molecules. Therefore, to further improve material
properties a number of studies are directed toward
reducing the curing temperature of benzoxazine,
finding new low-temperature curing catalysts and
increasing the cross-linking density of polybenzoxazine material [3, 5, 6, 8, 9].
A promising way to achieve a higher cross-linking
density is the incorporation of epoxy resins into the
benzoxazine matrix [8, 10, 11], because the ringopening polymerization of a benzoxazine produces
phenolic groups, which can react with epoxy compounds. Unfortunately, also copolymerization of benzoxazines with epoxy resins takes place at elevated
temperatures [8, 10–18]. However, combining epoxy
and benzoxazine resins seems a very perspective
approach to design thermosets of enhanced properties, since also epoxy resins possess some excellent
properties, such as good chemical resistance to solvents and good adhesion to many substrates [8, 11,
18, 19]. One of promising applications may be an
epoxy-benzoxazine coating for different substrates.
Due to environmental and economic concerns waterbased emulsions to organic solvent-based polymer
solutions are preferred in coating industries. The
main drawback of an emulsion coating system is the
presence of a non-polymerizable surfactant in its
formulation, which reduces coating’s cross-linking
density, film hardness and weakens its corrosion protection function. By applying a benzoxazine molecule, which acts as reactive surfactant in an epoxy
water-based emulsion, this problem could be overcome. Moreover, such approach may offer the possibility of preparing novel blends from epoxy resins
and to them incompatible polymers in emulsions,
where benzoxazine surfactant would acts as compatibilizer as well. Sawaryn et al. [20, 21] have
already designed benzoxazine surfactants. They
confirmed that benzoxazine surfactants could stabilize benzoxazine miniemulsions.
The aim of the work presented in this article was to
apply reactive benzoxazine surfactants in epoxy
emulsions. The surfactants should be able to stabilize
oil in water (o/w) epoxy emulsions and should be
capable of crosslinking with epoxy resins and therefore become part of cured epoxy-benzoxazine

copolymer network. Water-based epoxy-benzoxazine emulsions were prepared using two benzoxazine surfactants and different epoxy resins. Thin
epoxy-benzoxazine films were prepared directly
from emulsions to investigate, if benzoxazine surfactant could be properly incorporated into the epoxy
structure after drying, film formation and curing
process, which is of great importance for possible
industrial applications. Thermal properties and hardness of cured films were investigated as well.

2. Experimental
2.1. Materials

Paraformaldehyde (%95.0%), 3,3$-dimetoxybenzidine (o-dianisidine), sodium hydroxide and anhydrous sodium sulfate (%99.0%) were purchased
from Sigma Aldrich, Chemie GmbH, Steinheim,
Germany. Synthetic epoxy resins of bisphenol A
diglycidyl ether type with different molar weights
were purchased from Sigma Aldrich Co., St. Louis,
MO, USA. The epoxy resins with molar weights
340, 377 and 1750 g/mol, are further referred to as
Epoxy 340, Epoxy 377 and Epoxy 1750, respectively. As a bio-renewable resin, epoxidized soybean oil (Drapex 39, Galata Chemicals, Southbury,
CT, USA) with 6.5% epoxy oxygen content and
epoxide equivalent weight 246 g/eq, was used. Phenolic components, bisphenol A (%98.0%) and 4tert-butylphenol (%98.0%), along with chloroform
(%99.0%) and dichloromethane (%99.0%) were used
as received from Merck KGaA, Darmstadt, Germany. Polyether monoamine (Jeffamine M-1000,
molar weight 1000 g/mol) and N-phenyl bisphenol A
based 1,3-benzoxazine (Araldite MT 35600 CH,
BA-a benzoxazine) were received from Huntsman
Holland BV, Rozenburg, Holland and Huntsman
Advance Materials BVBA, Everberg, Belgium,
respectively. Chemical structures of epoxy, benzoxazine and amine materials used are depicted in Figure 1.

2.2. Synthesis of benzoxazine surfactants
Benzoxazine surfactants were synthesized from Jeffamine M-1000, phenol component (bisphenol A or
4-tert-butylphenol) and paraformaldehyde. Chloroform was used as a solvent for all syntheses.
Synthesis of 4-tert-butylphenol-based surfactant
The 4-tert-butylphenol-based benzoxazine surfactant (Figure 2a) was synthesized according to
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Figure 1. Chemical structures of epoxy and benzoxazine resins as well as amine curing agent used in this study

Chernykh et al. [22]. Jeffamine M-1000 (50.0 g,
0.05 mol) and paraformaldehyde (3.003 g, 0.1 mol)
were stirred in a round-bottomed flask in 80 mL of
chloroform at room temperature for 30 minutes,
and then 4-tert-butylphenol (7.511 g, 0.05 mol) was
added. The reaction mixture was refluxed for 24 h
in a flask equipped with a condenser. The reaction
was followed by thin layer chromatography (TLC).
A yellow viscous liquid solution was obtained. The
solution was washed three times with 1M NaOH
aqueous solution and finally several times with distilled water, until neutral pH value. The organic

phase was dried with anhydrous Na2SO4 and the
solvent was removed at low pressure. A yellowish
solid was obtained (yield ~85%). This benzoxazine
surfactant is further referred to as Boxsurf 1.
Synthesis of bisphenol A-based surfactant
Bisphenol A-based benzoxazine surfactant (Figure 2b) was prepared by analogy to the procedure
described above for the synthesis of 4-tert-butylphenol-based benzoxazine surfactant. Because of the
bi-functionality of bisphenol A, the molar ratio of
phenol, paraformaldehyde and Jeffamine M-1000

Figure 2. Synthesis of benzoxazine surfactants from Jeffamine M-1000, paraformaldehyde and phenolic compounds
(4-tert-butyl phenol for synthesis of Boxsurf 1 (a) and bisphenol A for synthesis of Boxsurf 2 (b))
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was changed from 1:2:1 to 1:4:2. A yellowish solid
was obtained (yield~90%). This benzoxazine surfactant is further referred to as Boxsurf#2.
The formation of both benzoxazine surfactants was
confirmed by Fourier transform infrared spectroscopy (FT-IR) using KBr disks on Perkin Elmer
Spectrum 1000 spectrometer (Waltham, USA) and
by 1H nuclear magnetic resonance (NMR) analysis
on Bruker Avance III 500 MHz NMR spectrometer
(Billerica, USA). By FT-IR analysis also polymerization of benzoxazines at three different temperatures (150, 180 and 210°C) was investigated.

2.3. Preparation of epoxy emulsions with
benzoxazine surfactants
A chosen amount of benzoxazine surfactant was
solubilized in 6.5 g of water (continuous phase) and
heated to 60°C. The pure epoxy resins (dispersed
phase) were heated to 60°C as well. Elevated temperature was necessary to ensure lower viscosity of
the dispersed phase. The continuous and dispersed
phases were mixed together at elevated temperature
(60°C) using a vortex stirrer (Ultra-Turrax IKA
T25, Staufen, Germany) at 8400 rpm for 1 h. Weight
ratio between water and dry matter (epoxy and benzoxazine) was constant for all experiments, namely
1:1. Emulsions prepared by this procedure were
slowly cooled to room temperature. Average particle sizes and distributions of so prepared emulsions
were determined using Microtrac Bluewave, FLEX
10.6.2 (Meerbusch, Germany) instrument. O-dianisidine (0.65 g), which was used as a curing agent
for the curing process of epoxy-benzoxazine system, was dissolved in a small amount of dichloromethane. The solution of dichloromethane and curing agent was mixed with pre-prepared emulsions
at room temperature. This ensures no polymerization or curing process of epoxy resins during emulsification.
2.4. Preparation of epoxy-polybenzoxazine
thin films
Epoxy-polybenzoxazine thin films were made
directly from aqueous emulsions containing the curing agent. Approximately 5 g of the emulsion was
transferred to a glass plate by a four sided applicator
frame (Zehntner ZAF 2010, Sissach, Switzerland)
and 120 µm thick films were made. Three films for
emulsion formulation were made. Films were dried

Figure 3. Cure cycle of epoxy-benzoxazine thermosetting
copolymers

and cured according to the temperature program
shown in Figure 3 in a programmable thermostatic
oven (APT. line™ FP, Binder, Tuttlingen, Germany).
The long residence time at 210°C, recommended also
by group of Grishchuk [14, 15, 18], was selected
based on FT-IR analysis to achieve complete curing
of both epoxy and benzoxazine resins. Transparent
brownish epoxy-polybenzoxazine thin films were
obtained after curing.

2.5. Curing and thermal properties of
epoxy-polybenzoxazine thin films
Curing behavior of each resin was studied using differential scanning calorimetry (DSC, DSC 1, Mettler Toledo, Greifensee, Switzerland). Before DSC
measurements the water from emulsions was evaporated at 50°C and under low pressure. Curing agent
was added after drying to prevent curing during
drying. Then 5–8 mg of samples were sealed in an
aluminum pan with a lid. The purge nitrogen gas flow
was maintained to be constant at 30 mL/min. The
samples were heated from –100 to 300°C using
10°C/min heating rate. Two heating runs for each
sample were performed. From DSC results also Tg
of non-cured and cured epoxy-polybenzoxazine
films could be determined.
2.6. Hardness measurement
Pendulum hardness
A König pendulum hardness tester (BYK pendulum
hardness tester, Wesel, Germany) was used to measure the surface hardness of the cured films. The pendulum hardness is determined by measuring oscillation time of pendulum from 6 to 3° at room temperature. This test is based on the principle that the
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harder the measured surface, the greater the amplitude time of pendulum oscillation (ASTM D 4366).
The glass plate was used as a reference sample.
Pencil hardness
A Pencil hardness measurement is a relatively simple method to determine the hardness of coating
films. The investigated film is placed on a firm horizontal surface and the pencil is held firmly against
the film at 45° angle and pushed away from the
operator in a 6.5 mm stroke. The minimum hardness able to scratch the surface of the cured film
was determined by this method with BYK 5800
pencil hardness tester (Wesel, Germany) (ASTM D
3363-74, 2000) [23].

3. Results and discussion

Both synthesized benzoxazine surfactants consist of
a hydrophobic head group with benzoxazine unit
and a hydrophilic polyether tail. The long polyether
chain consists of hydrophilic poly(ethylene oxide),
PEO and hydrophobic poly(propylene oxide), PPO.
Jeffamine M-1000 used in this study contains 19 PEO
units and only 3 PPO units. The theoretical values
for the hydrophobic-lipophilic balance, HLB, according to Griffin [24] were calculated from the different molar weight of hydrophobic and hydrophilic
units of molecule of surfactants. HLB values for
both surfactants were 14, which indicate a predominantly hydrophilic character of synthesized surfactants and potential ability for stabilization of o/w
emulsions [20, 21].

3.1. Characterization of benzoxazine
surfactants
The chemical structure of benzoxazine surfactants
was confirmed by FT-IR and 1H NMR spectroscopy.
As representative example the FT-IR spectrum of
Boxsurf#2 is shown in Figure 4, where the characteristic signal for oxazine ring, which corresponds
to the asymmetric stretching vibration of C–O–C
group, can be observed at around 1250 cm–1. The
formation of the tri-substituted aromatic ring was
confirmed by typical signals at around 1503 and
952 cm–1, while the strongest absorption band at
1105 cm–1 corresponds to C–O–C stretching vibration of polyether chain [20, 21].
Curing and polymerization of benzoxazine surfactants was investigated with FT-IR analyses as well.
In Figure 4 the FT-IR spectra of Boxsurf#2 after its

Figure 4. FT-IR spectra of Boxsurf 2 before and after 3 h of
polymerization at 150, 180 and 210°C

exposure to different elevated temperatures for
3 hours are shown. The diminishment or disappearance of signals at 1503 and 952 cm–1 confirmed
benzoxazine curing. During curing, the peak at
1503 cm–1 disappears and shifts to around 1450 cm–1
because tri-substituted aromatic ring becomes tetrasubstituted. Due to curing also the peak at 952 cm–1
disappears, as a result of oxazine ring-opening
process. Results in Figure 4 clearly indicated that
Boxsurf#2 should be cured for at least 3 hours or
longer at 210°C to achieve a high degree of cure.
The 1H NMR spectroscopy (Figure 5) enabled determination of the amount of benzoxazine rings in
benzoxazine surfactants. The amount of closed benzoxazine rings in Boxsurf#2 was calculated from the
ratio between signals at 4.9 ppm (corresponding to
oxazine –CH2 group in –O–CH2–N- group) and
1.6 ppm (corresponding to methyl groups of bisphenol#A). It was found that 75% of Boxsurf#2 was bifunctional (had two benzoxazine units) and the rest
was mono-functional. On the other hand, the amount
of closed benzoxazine rings in Boxsurf#1, which
was calculated from the ratio between signals at 4.9
and 1.3 ppm (corresponding to methyl group of tbutyl group), was 90%. Accordingly, the spectra of
Boxsurf#1 and Boxsurf#2 also showed that some
unreacted phenol (signals at 7.2 ppm) was still present. Other characteristic signals in 1H NMR spectra
were attributed to oxazine –CH2 group in Ph–CH2–N–
group (at 4.0 ppm), to methylene groups of the polyether chain (from 3.3 to 3.7 ppm) and to aromatic
rings (from 6.6 to 7.1 ppm) [20, 21]. The purity of
Boxsurf#1 and Boxsurf#2, calculated from NMR data,
was 91 and 72%, respectively.
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Figure 5. 1H NMR spectra of Boxsurf 1 and Boxsurf 2 in CDCl3

3.2. Formation and stability of epoxy
emulsions
The aim of the next part of the research was to check
if stable epoxy water-based emulsions could be
obtained by using synthesized benzoxazines as surfactants. The emulsions were made following the procedure described in the experimental section. Different epoxy resins were chosen as dispersed phase.
Effects of surfactant amount and molar weight of
epoxy resins on the emulsion average particle size
and distribution and emulsion stability were studied. Detailed compositions of investigated emulsions
are collected in Table 1. High amount of surfactants
were chosen, so epoxy-benzoxazine copolymerization process after emulsification, can be studied.
The viscosity of dispersed phase is one of the crucial criteria for the preparation of stable o/w emulsions, because a too big difference in viscosity
between dispersed and continuous phases may leads
to unstable emulsion system [20, 21, 25]. In the
worst case emulsion cannot be obtained at all. Due
to high viscosities of epoxy resins at room temperature and to prevent epoxy resin cooling during emulsification step, dispersed and continuous phase were
first heated to 60°C. In experiments with Epoxy 1750
the temperature was still too low to ensure a sufficient reduction of viscosity and a solvent (dichloromethane) was added to the dispersed phase to further reduce the viscosity of the system. However it
was still impossible to obtain a stable emulsion with
Epoxy 1750.

After emulsification, the emulsions were stored in
covered test tubes at room temperature to determine
their stability with time. It was observed that after
3–4 days almost all systems showed a tendency to
settle. The extent of settling increased with decreasing concentration of Boxsurf#1 or Boxsurf#2. Emulsions with Boxsurf#1 showed slightly better stability compared to emulsions with Boxsurf#2, although
the HLB value of surfactants was very similar. The
hydrophobic part of the Boxsurf#2 molecule is
entrapped between two hydrophilic tails (Figure 2),
which may hinder hydrophobic interactions between
emulsifier and epoxy resin in emulsions. On the other
hand, the emulsion stability decreased with increasing molar weight of the epoxy resin applied mainly
due to the increased particle size, which was a consequence of higher resin viscosity. However, when
the covered test tubes containing samples, which
had settled, were just lightly shaken by hand, emulsions easily became perfectly homogenous again.
This is of great importance especially for application purposes. The only system, which was stable
even after a few weeks of storage and did not show
any signs of settling, was the system with Drapex 39.
This is due to low density of epoxidized soybean oil
(0.99 g/mL at 25°C). The density of synthetic epoxy
resins was 1.16 g/mL at 25°C.
Table 1 summarizes results of number average particle size (dnum) and particle size distribution measurements for emulsions with different epoxy resins
and concentrations of benzoxazine surfactants. It
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Table 1. Number average particle diameters (dnum) and polydispersity indexes (dvol/dnum) for emulsions measured immediately after emulsification and after one week of storage. Mass of water was the same for all emulsions (6.5 g).
Emulsion

Epoxy resin
amount
[g]

[g]

E.1
E.2
E.3
E.4
E.5
E.6

5.69
5.57
5.41
5.20
4.88
4.34

0.81
0.93
1.09
1.30
1.62
2.16

E.7
E.8
E.9

5.41
5.20
4.88

1.09
1.30
1.62

E.10
E.11
E.12

5.41
5.20
4.88

1.09
1.30
1.62

E.13
E.14
E.15

5.41
5.20
4.88

1.09
1.30
1.62

E.16
E.17
E.18

5.41
5.20
4.88

1.09
1.30
1.62

*Emulsions

Average particle size and distribution
*
Immediately
After 1 week
dnum
dvol/dnum
dnum
dvol/dnum
[g/L]
[µm]
[–]
[µm]
[–]
Epoxy 340/Boxsurf 2
125
0.80
10.7
0.91
11.3
143
0.87
10.0
0.84
11.1
168
0.87
9.4
0.97
9.8
200
0.89
5.9
0.96
8.1
249
0.97
4.2
1.30
5.3
332
1.09
3.2
1.55
3.7
Epoxy 340/Boxsurf 1
168
0.85
7.5
0.91
8.7
200
0.85
6.9
1.20
5.0
249
0.93
3.6
1.41
3.1
Epoxy 377/Boxsurf 2
168
0.72
10.9
0.86
11.1
200
0.78
7.1
0.87
8.0
249
0.91
4.1
1.00
4.4
Epoxy 1750/Boxsurf 2
168
not stable
200
not stable
249
not stable
Drapex 39/Boxsurf 2
168
0.82
3.0
0.77
4.4
200
0.64
3.4
0.64
3.8
249
0.83
2.7
0.77
3.7

Surfactant amount

were shaken only by hand prior to measurements

Figure 6. Number particle size distribution for emulsion E.1 (a) (12.5% Boxsurf 2 and 87.5% Epoxy 340) and emulsion
E.6 (b) (33.3% Boxsurf 2 and 66.7% Epoxy 340) determined immediately after emulsification

may be seen in Table 1 that emulsions with the lowest average particle size were obtained for the emulsion containing epoxidized soybean oil, i.e. for the
system with the lowest viscosity and density of the
dispersed phase.
However, bimodal particle size distribution curves
for emulsions were observed (Figure 6). The more
intense peak, representing the diameter of a major
number part of particles, appeared between 0.5 and

1 µm. The second peak was broader and appeared
above 1 µm (with peak maximum between 2 and
3 µm). Interestingly the magnitude of the second
peak increased with increasing surfactants amounts.
Since surfactant should be in excess, the first peak
most likely represented the size of epoxy particles,
emulsified by the surfactant, while the second peak
represented the size of clusters of unused surfactant. This was confirmed by particle size measure580
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ment of pure surfactant emulsions, where a single
peak with maximum at around 2.5 µm was observed.
Therefore it may be concluded that molecules of the
surfactant were in excess and effectively covered
the surface of epoxy particles with diameter between
0.5 and 1 µm.
Pure surfactant particles are large due to the hydrophilic nature of polyether tails, which swell in water.
The result of this phenomenon is the increasing
number average particle size of emulsions with
increasing benzoxazine concentration, which is not
usual. For example, the number average particle size
for emulsion Epoxy 340/Boxsurf#2, was increasing
from 0.80 to 1.09 µm when concentration of benzoxazine surfactant increased from 125 to 332 g/L.
Ratio between volume (dvol) and number (dnum)
average particle diameters (dvol/dnum), as a measure
for the polydispersity, decreased with increasing
surfactant concentration for all emulsions, because
dnum increased and dvol decreased with surfactant
concentration. The dnum increase and simultaneous
dvol decrease for such systems were observed elsewhere [20, 21, 25–27].
Since emulsions showed a tendency to settle after a
few days, particle diameters were measured again
after one week. Before measurements the test tubes
containing emulsions were shaken (only by hand)
to obtain homogeneous systems. The measured
results are listed in Table 1 and are very similar to
the results obtained immediately after emulsification. This suggested that emulsions were stable (they
only settle, but not coagulate) and may be used for
practical applications. The settling, which depended
on the amount of surfactant used, was due to difference in density between dispersed and continuous
phase. Over time the two peaks in distribution curves
separated even more, indicating some surfactant
redistribution between particles and confirming that
two different kinds of particles did not coagulate.
As a consequence also dvol/dnum values increased
just slightly with time.

3.3. Curing behavior of epoxy-benzoxazine films
Thermal properties of both surfactants were investigated by DSC analysis using two heating runs. Figures 7 and 8 show thermograms in higher and lower
temperature region of interest, respectively. In DSC
thermogram, obtained at heating rate 10°C/min,
Boxsurf#1 showed an exothermic peak, which corresponded to curing, with onset (Ti) and maximum

(Tp) at 230 and 262°C, respectively. Boxsurf#2 had Ti
and Tp at 205 and 250°C, respectively. Boxsurf#1
released less heat (27.5 J/g) than Boxsurf#2 (32.2 J/g)
during its curing process. Results in Figure 7 indicate that higher benzoxazine functionality of Boxsurf#2 shifted the onset temperature of the curing
process to a lower temperature. However, the curing temperature intervals for both surfactants were
very broad; the peaks in Figure 7 extended up to
almost 300°C. We believe this was because of the
steric hindrance of the curing process, which was
induced by long polyether chains.
To estimate the effect of polyether chains on curing,
N-phenyl bisphenol-A based 1,3-benzoxazine (BAa benzoxazine), was scanned by the same DSC
method (Figure 7). Results showed that considerably more heat were released during BA-a benzoxazine curing (300 J/g) and that the exothermic peak
was not as broad as for benzoxazine surfactants. Similar results were obtained also by Ning and Ishida
[28, 29]. The main reason for differences in reaction
enthalpy is, without doubt, the chemical structure of
benzoxazine surfactants, which contain long hydrophilic tails and have therefore less reactive oxazine
groups per gram of material. The steric hindrance
induced by long polyether tails prolonged the curing process to higher temperatures.
The catalytic effect of amine moieties on curing
processes of benzoxazines was demonstrated and
published by several authors [2, 10, 13–15]. O-dianisidine (10 wt%), with diamine structure, was used as

Figure 7. DSC thermograms of Boxsurf 1 and Boxsurf 2
with and without 10 wt% of curing agent and
DSC thermograms of BA-a benzoxazine in the
curing temperature range. Full lines represent
first heating runs (material before cure) and
dashed lines represent second heating runs (cured
material).
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curing agent to reduce the temperature of curing.
Added curing agent had a positive effect on the curing process of both surfactants (Figure 7), since the
onset temperature of curing was reduced. However,
as a consequence of lowered curing onset temperature, even broader exothermic peaks were observed.
This indicates that during the curing process different reactions take place [8, 14, 15, 17, 19]. Figure 7
also shows that benzoxazine surfactants were completely cured already after first DSC runs, since no
exothermic peak was observed in DSC thermograms
of second runs. To estimate the effect of added curing agent on degree of cure, isothermal curing of
benzoxazine surfactants, with and without curing
agent, was carried out at 180°C for 30 minutes.
Then dynamic DSC thermograms were scanned and
the degree of cure was calculated according to
Equation (1):
DHr
b 100
Degree of cure 3 , 4 5 a 1 2
DH0 ~

(1)

where &Hr is the heat of reaction of the partially
cured specimen and &H0 is the heat of reaction of
the uncured resin. Degree of cure after 30 minutes at
180°C increased with the addition of the curing agent
(10 wt%) from 17.4 to 68.0% and from 39.3 to
72.3% for Boxsurf#1 and Boxsurf#2, respectively.
Positive effect of curing agent addition was thus
clearly seen in both cases, although broader curing
peaks were observed in DSC thermograms (Figure 7) when o-dianisindine was added.
In DSC thermograms of Boxsurf#1 and Boxsurf#2 in
the lower temperature region (Figure 8) an endothermic peaks due to a pronounced melting transition
could be observed. The minimums of melting peaks
of Boxsurf#1 and Boxsurf#2 were observed at 29 and
30°C, respectively. These melting transitions were
observable also after curing, because polyether
chains, which melted, were not involved in curing
reactions. Added curing agent had no impact on
melting.
Curing behavior of epoxy-benzoxazine films was
investigated next. The aim of this investigation was
to confirm if benzoxazine molecules are well incorporated in the epoxy structure upon emulsification,
film formation and curing and to investigate how
different molar weights of epoxy resin and different
benzoxazine contents influence on film curing
process. For curing 10 wt% of o-dianisidine as curing agent was used.

Figure 8. DSC thermograms of Boxsurf 1 and Boxsurf 2
with and without 10 wt% of curing agent in the
polyether chains melting temperature range. Full
lines represent first heating runs (material before
cure) and dashed lines represent second heating
runs (cured material).

Curing parameters of neat epoxy and neat benzoxazine resins, as well as curing parameters of their
mixtures, are listed in Table 2. In accordance with the
literature [14, 15, 30–32], epoxy resins, if a proper
curing agent is used, usually polymerize at lower temperatures than benzoxazine resins, which is well
observed by comparing Figures 7 and 9. The only
exception was found for systems with Drapex 39,
where no curing process was detected under these
conditions. To achieve fully cross-linked structure of
Drapex 39, the concentration of added curing agent
should be higher (stoichiometric ratio) and the time
of curing should be longer. We must be aware of the
fact that epoxidized soybean oil is a large triglyceride
molecule (Figure 1) with large steric barriers that

Figure 9. DSC thermograms of Epoxy 340, Epoxy 377,
Epoxy 1750 and Drapex 39 with 10 wt% of odianisidine in the temperature range from –100 to
300°C with heating rate 10°C/min
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Table 2. Curing parameters of epoxy-benzoxazine mixture with addition 10 wt% of curing agent
Onset temperature Peak temperature Released heat
(Ti)
(TP)
(!H)
[°C]
[°C]
[J/g]
Epoxy 340/Boxsurf 2
E.1
12.5
87.5
144
193
133
E.2
14.3
85.7
149
193
126
E.3
16. 7
83.3
151
194
123
E.4
20.0
80.0
151
194
120
E.5
25.0
75.0
154
195
115
E.6
33.3
66.7
154
196
108
Epoxy 340/Boxsurf 1
E.7
16.7
83.3
154
195
164
E.8
20.0
80.0
154
195
154
E.9
25.0
75.0
157
198
128
Epoxy 377/Boxsurf 2
E.10
16.7
83.3
132
183
128
E.11
20.0
80.0
130
185
101
E.12
25.0
75.0
132
187
97
Epoxy 1750/Boxsurf 2
E.13
16.7
83.3
110
170
79
E.14
20.0
80.0
111
174
75
E.15
25.0
75.0
113
178
70
Drapex 39/Boxsurf 2
E.16
16.7
83.3
–
–
–
E.17
20.0
80.0
232
275
15
E.18
25.0
75.0
247
277
9
Pure compounds
Epoxy 340
0.0
100.0
154
194
202
Epoxy 377
0.0
100.0
96
183
146
Epoxy 1750
0.0
100.0
70
172
53
Drapex 39
0.0
100.0
–
–
–
Boxsurf 1
100.0
0.0
194
213
26
Boxsurf 2
100.0
0.0
187
212
31
*No exact determination of T value is possible.
g
Film

Surfactant
content
[%]

Epoxy
content
[%]

hinder chemical reactions. In addition, the concentration of epoxy groups per weight of the Drapex 39
molecules is significantly lower compared to synthetic epoxy resins [30].
The heat released during curing reactions (reaction
enthalpy, &H) was determined from the area under
the exothermic peak in DSC thermograms. Curing of
epoxy resins is a more exothermic process than curing of benzoxazine surfactants. Therefore the value
of &H decreased with increasing amount of benzoxazine in the mixture (Figure 10). &H value, on the
other hand, increased with increasing concentration
of epoxy groups in epoxy resin, which is confirmed
by Figure 9 and results listed in Table 2, where it can
be seen that Epoxy 340, which has the lowest molar
weight, releases more heat during curing compared
to other epoxy resins.
Some epoxy-benzoxazine combinations have two
exothermic peaks in their thermograms (Figure 10),

Tg of uncured
resin
[°C]

Tg of cured
resin
[°C]

–20
–22
–22
–25
–27
–32

65
63
58
48
39
27

–23
–25
–27

56
48
39

–16
–21
–22

57
49
40

–
–
–

61
53
42

–62
–60
–62

–51
0
–4

–14
–9
60
<–30*
–57
–55

66
83
107
<–30*
–35
–33

Figure 10. DSC thermograms for uncured system Epoxy
340/Boxsurf 2 in the range from –100 to 300°C
with heating rate 10°C/min

which became more distinguishable with increasing
benzoxazine content, because curing of an epoxybenzoxazine system is a multiple step process including more than one reaction [8, 14, 15, 17, 19].
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3.4. Thermal properties of uncured and cured
films
Thin films were prepared directly from aqueous
emulsions. Films could be made even for system
Epoxy 1750/Boxsurf#2, although stable emulsions
were not obtained. Glass transitions of uncured
samples were well defined for all epoxy resins, both
surfactants and their blends (films made form emulsions), except for neat Drapex 39, which had a multistep transition; most likely the glass transition
(between –60 and –40°C) was followed by cold crystallization and melting (Figure 9). With increasing
molar weight, Tg values of epoxy resins shifted
toward higher temperature. The Tg values of uncured
resins increased from –14 to 60°C when molar weight
increased from 340 to 1750 g/mol, respectively.
Uncured benzoxazine surfactants showed their
glass transition at lower temperature than epoxy
resins; Tg values of –57 and –55°C for Boxsurf#1
and Boxsurf#2 were determined, respectively. For
uncured epoxy-benzoxazine films only one Tg was
observed, which indicated that homogeneous blends
of epoxy and benzoxazine at molecular level were
obtained. The incorporation of benzoxazine in epoxy
resins resulted in a decreased Tg value (Table 2) as
expected. It has to be mentioned, that Tg for uncured
Epoxy 1750/Boxsurf#2 film was not obtained because
its Tg appears at higher temperature than onset curing (Ti). In such cases process of vitrification occurs.
Due to vitrification signals looking as small endothermic peaks on DSC curves are often observed (Figures 9 and 10).
By comparing Figures 8 and 10 one may observe
that combining benzoxazine surfactants with epoxy
resins resulted in a complete disappearance of the
benzoxazine melting peak (by DSC analysis of Jeffamine M-1000 it was confirmed, that this is the melting peak of polyether chain crystals). This observation supports the observation of a single Tg, indicates
that benzoxazines were dissolved in epoxy resins to
a certain level, and confirms that intermolecular
interactions between epoxy and benzoxazine, which
prevent crystallization of polyether chains, were
formed. It may be assumed that H-bonds present in
the epoxy-benzoxazine blend prevented orientation
and arrangement of polyether chains into crystal
structure. Intermolecular bonds in the epoxy-benzoxazine system have been demonstrated and studied by several authors [4, 15, 33, 34].

Therefore, from results obtained by DSC measurements it may be concluded that benzoxazine surfactant should be homogeneously incorporated in epoxy
matrix and that secondary interactions between
epoxy and benzoxazine compounds were established.
As expected, the glass transition temperatures of
films increased significantly (Table 2, Figure 11)
after curing process. Cured films with higher benzoxazine amounts had lower Tg values. For example, the Tg value for system Epoxy 340/Boxsurf#2,
decreased from 65 to 27°C, when the amount of benzoxazine increased from 12.5 to 33.3%. Differences
in Tg values of neat epoxy resins and neat benzoxazines are the main reason for such behavior, since
cross-linking density of benzoxazine surfactants is
probably much lower than that of epoxy resins. The
highest Tg values were observed for cured systems
containing epoxy resin of the highest molar weight
(Epoxy 1750). The increase of cured system Tg value
with molar mass of the uncured resin can be
explained by non-stoichiometric amount of amine
curing agent. In case of stoichiometric epoxy resins/
curing agent ratios, lower cross-linking densities of
cured epoxy resins with higher molar weight are
expected because of the increase in the chain length
between crosslinks. The lowest Tg values were
observed for systems with Drapex 39, since these
films were not properly cured. As explained before,
the large steric hindrance and lower concentration of
epoxy groups in Drapex 39 are the main reasons for
such behavior.

Figure 11. DSC thermograms of Epoxy 340, Boxsurf 2 and
their mixtures E.1 (87.5% Epoxy 340 and 12.5%
Boxsurf 2) and E.6 (66.7% Epoxy 340 and
33.3% Boxsurf 2). Full lines represent uncured
films and dashed lines represent cured films.
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3.5. Hardness of cured films
There are several methods used for measuring the surface hardness of a coating, which give complementary results. The pendulum hardness test (König)
and the pencil hardness test were used in the present
study.
Pendulum hardness of the cured materials was
measured for 120 µm thick films (Figure 12a). The
measured values for neat epoxy resins were much
higher than those for neat benzoxazines. Therefore,
pendulum hardness of cured epoxy-benzoxazine
films decreased with increasing amount of benzoxazine and also with decreasing molar weight of
epoxy resins, as predicted by Tg results. The results
showed that cured epoxy-benzoxazine films with
small amounts of benzoxazine surfactant had lower
pendulum hardness but still comparable to that of the
control glass plate, whose hardness was 250 s. Figure 12a also shows that slightly higher film hardness with Boxsurf#2 than Boxsurf#1 was obtained.
Boxsurf#2 is a bi-functional molecule with two reactive sites, which probably contribute to higher crosslinking density of cured copolymer network and,
consequently, the hardness of films was improved.
The results obtained by pencil hardness tests are
shown in Figure 12b. The results were in good agreement with those obtained by pendulum hardness
measurements: Pencil hardness of cured films
increased with increasing amount and molar weight
of epoxy resins. However, a maximum value of pencil hardness was observed for films containing
around 80–90% of epoxy resins and 10–20% of benzoxazines, which indicated that a lower amount of
benzoxazine surfactant even improved surface properties of cured films. The differences between
detected tendencies of dependency of pendulum and

pencil hardness from benzoxazine content might be
sought in principles of hardness determination techniques; the pencil hardness reflects combination of
modulus, tensile strength and adhesion properties,
while the pendulum hardness depends mainly on
the loss factor of investigated coating. Pencil hardness of films for Drapex 39/Boxsurf#2 film could
not be determined, because its hardness was lower
than that of the softest pencil, 9B.
To conclude, the results of hardness measurements
were in excellent agreement with determined Tg
values. This means that thermal properties and hardness of cured films improved with the increasing
amount of epoxy resins, increasing functionality of
benzoxazine surfactant and with increasing molar
weight of epoxy resins.

4. Conclusions

Mono- and bi-functional benzoxazine nonionic surfactants were successfully synthesized and used as
surfactants for water-based epoxy emulsions. All
emulsions, except emulsions made with epoxidized
soybean oil, settled after few days, but a homogeneous system was easily obtained again, only by
light emulsion shaking in a covered test tube. Emulsions contained emulsified epoxy particles and
larger clusters of benzoxazine surfactant, indicating
that surfactant was in excess and that the molecules
of the surfactant effectively covered the surface of
epoxy particles. Slightly more stable emulsions
with smaller particles were obtained with mono
functional benzoxazine surfactant.
Different epoxy resins were used to investigate the
impact of molar weight of epoxy resin on the formation and stability of emulsions. By decreasing the
molar weight of synthetic epoxy resin the emulsion

Figure 12. Pendulum hardness (a) and pencil hardness (b) of cured films as a function of benzoxazine content
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stability was improved. It was found that emulsion
with epoxidized soybean oil was the most stable
and had the smallest average particle size, due to
relatively low resin density and viscosity.
Thin films were successfully made directly from
emulsions. They were dried and cured in a thermostatic oven at 210°C. Only one glass transition temperature was observed for films before and after curing, although neat benzoxazine and epoxy had considerably different glass transition temperatures.
After curing, the benzoxazine melting point disappeared as well, meaning that epoxy-benzoxazine
films were homogeneous at molecular level. Tg values
of cured films were higher than those of uncured
films. However, results indicate that Tg value of
films, before and after curing, and consequently film
hardness, decreased with increasing benzoxazine
content, which was due to low Tg values of benzoxazine surfactants, containing polyether chains in the
structure. Tg values were strongly affected by molar
weight of epoxy resin as well.
On the basis of the obtained results, we can conclude that already small amounts ('12.5 wt%) of benzoxazine surfactant can stabilize water-based epoxy
emulsions. The necessary amount of benzoxazine
surfactant could be that low that the key film properties of neat epoxy resin, such as cross-linking density, glass transition temperature and hardness, are
insignificantly affected. In the next step of the
research the lowest concentration of benzoxazine
surfactant, which still provides stable emulsions will
be determined and the amount of curing agent will
be optimized.
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