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Abstract Microcapsules containing healing agents have
been used to develop the self-healing polymeric compo-
sites. These microcapsules must possess special properties
such as appropriate strength and stability in surrounding
medium. A new series of microcapsules containing dicy-
clopentadiene (DCPD) with melamine–formaldehyde (MF)
resin as shell material were synthesized by in situ poly-
merization technology. These microcapsules may satisfy the
requirements for self-healing polymeric composites. The
chemical structure of microcapsule was identified by using
Fourier transform infrared (FTIR) spectrometer. The mor-
phology of microcapsule was observed by using optical
microscope (OM) and scanning electron microscope. Size
distribution and mean diameter of microcapsules were
determined with OM. The thermal properties of micro-
capsules were investigated by using thermogravimetric
analysis and differential scanning calorimetry. Additionally,
the self-healing efficiency was evaluated. The results
indicate that the poly(melamine–formaldehyde) (PMF)
microcapsules containing DCPD have been synthesized
successfully, and their mean diameters fall in the range of
65.2∼202.0 μm when the adjusting agitation rate varies
from 150 to 500 rpm. Increasing the surfactant con-
centration can decrease the diameters of microcapsules.
The prepared microcapsules are thermally stable up to

69 °C. The PMF microcapsules containing DCPD can be
applied to polymeric composites to fabricate the self-healing
composites.
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Introduction

Microcapsules are tiny particles that contain core materials
encapsulated by coatings or shells. The core materials of
microcapsules can be drugs, fragrant oils, salts, enzymes, or
dyes, etc. Because the core materials can be protected by
the coatings or shells from the damages of environment or
can be released under a controlled condition, microcapsules
have been applied to various areas, such as the pharmaceu-
tical and biomedical industries [1, 2], food additives [3],
catalysts [4], dyes [5, 6], and so on. Recently, new
applications of microcapsules have been developed. Poly
(melamine–formaldehyde) (PMF) microcapsules containing
polyaniline particles [7, 8] and poly(methyl methacrylate)
microcapsules containing polyaniline [9] have been used
for electrorheological materials. Microcapsules containing
oil or titanium dioxide (TiO2) using melamine and form-
aldehyde, or urea, melamine, and formaldehyde (UM/F) as
wall shell materials [10, 11] have been used for electronic
ink display technique. Especially, poly(urea–formalde-
hyde) (PUF) microcapsules containing self-healing agent
dicyclopentadiene (DCPD) have been used to fabricate the
self-healing epoxy composites, and PUF microcapsules
containing styrene have been used to heal the microcrack
planes in polyester matrix [12–16]. The application of
microcapsules containing self-healing agents to polymeric
composites is very interesting. The self-healing is accom-
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plished by incorporating a microencapsulated healing
agent and a catalytic chemical trigger within polymeric
composites. Owing to the promising technical applications
of microcapsules containing self-healing agents to poly-
meric composites, the syntheses of microcapsules con-
taining self-healing agents have attracted more and more
attentions from researchers.

Polymeric composites can be fabricated at different
temperatures and pressures. The requirements for micro-
capsules containing healing agents are various according to
the processing procedure of polymeric composites. The
mechanical and thermal properties must be adequate to
retain the intactness of microcapsules during the manufac-
turing of composites, and the microcapsules must rupture
when the damages occur. For polymeric composites pro-
cessed at higher temperature and pressure, the used micro-
capsules must possess higher mechanical and thermal
properties to resist higher temperature and pressure. The
shell materials play an important role in obtaining high
physical property of microcapsules. Among the various
shell materials for microcapsule preparation, urea–formal-
dehyde (UF) resins and MF resins are widely used owing to
their perfect techniques. Because PMF are superior to PUF
in hardness and heat resistance [17, 18], the mechanical
properties and stability of PMF microcapsules may be
higher than that of PUF microcapsules when they contain
the same core materials.

In this study, to synthesize microcapsules with high
physical property, which can endure the processing con-
ditions of polymeric composites, MF resins are adopted as
shell materials to encapsulate DCPD healing agent. The
chemical structure, morphology, and thermal stability of
synthesized microcapsules were investigated by using
Fourier transform infrared (FTIR), scanning electron micro-
scope (SEM), and thermogravimetric analysis (TGA) and
differential scanning calorimetry (DSC), respectively. We
hope that the PMF microcapsules containing DCPD can be
used in polymeric composites fabricated at room and
middle temperature or high pressure.

Experimental

Materials

Melamine and 37.0 wt% formaldehyde aqueous solution,
used as shell-forming monomers, were purchased from
Tianjin Resin Factory and Tianjin Chemical Reagent
Factory, China, respectively. Sodium dodecyl benzene
sulfonate (SDBS) used as an emulsifier and poly(vinyl
alcohol) (PVA, Mw.1500) used as a protective colloid were
obtained from Tianjin Chemical Reagent Factory, China.
Some 10.0 wt% NaCO3 aqueous solution and 10.0 wt%

HCl aqueous solution as pH controllers were prepared in
our laboratory. DCPD used as core material was obtained
from Shanghai Resin Factory, China, and used without
any further purification. Resorcinols used as inhibitor and
1-octanol used to eliminate surface bubbles were pur-
chased from Tianjin Chemical Reagent Factory, China.
Epoxy resins [diglycidyl ether of bisphenol A: DGEBPA
(E-51, epoxide equivalent weight: 196 g/mol)] were pur-
chased from Wuxi Resin Plant, China. 2-Ethyl-4-methyl-
imidazole (2E4MZ) used as curing agent of epoxy resins
was obtained by Tianjin Chemical Reagent Factory, China.
The catalyst system WCl6/WOCl4-AlEt3 was provided by
Shanghai New Tianhe Resin, China.

Preparation of microcapsules

Measurements of 0.06 mol melamine, 0.2 mol formalde-
hyde, and 20 ml distilled water were added to the three-
neck round-bottomed flask equipped with a mechanical
stirrer. When melamine was dissolved, the pH value of the
solution was adjusted to 8.5∼9.0 with 10.0 wt% NaCO3

aqueous solution, while the solution was slowly heated to
the target temperature of 65 °C. After 20∼30 min, the
prepolymer solution of MF was obtained. Figure 1 shows
the mechanism of polymerization of MF resins.

Under agitation, 100 ml of aqueous solution of SDBS
was added to the prepolymer solution. Some 20 ml DCPD
and 0.002 mol resorcinol were added to form an emulsion
and allowed to stabilize for 20∼25 min. During the
emulsification of DCPD, one drop of 1-octanol was added
to eliminate surface bubbles, and 10 ml PVA aqueous
solution was added to protect the colloids. The pH of the
resultant emulsion was slowly adjusted to approximately
4.0 by 10.0 wt% HCl aqueous solution; meanwhile, the
resultant emulsion was heated to the target temperature of
65∼68 °C. After 3 h of continuous agitation, the reaction
was ended. The microcapsule slurry was decanted, washed
with water to remove DCPD on the surface of micro-
capsule, and air-dried at room temperature for 24 h.

Characterization

FTIR spectrometer (WQF-310) was used to identify the
chemical structure of the microcapsule specimens. The
FTIR spectra of microcapsule samples were compared
with the spectra of DCPD and PMF wall shell material.
The structural characteristic of PMF was also characterized
by proton magnetic resonance spectrometry (1H-NMR
VARIAN INOVA-400) by using CDCl3 as solvent and
tetramethylsilane as an internal standard. The thermal
properties of microcapsules were investigated by using
TGA (Q50, TA) at a heating rate of 10 °C/min and DSC
(NETZSCH 200 PC) at a heating rate of 10 °C/min in a
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Fig. 1 Mechanism of polymer-
ization of MF resins
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nitrogen atmosphere. The microcapsule morphology and
wall thickness were observed by using an SEM (QUANTA
200, FEI) and an optical microscope (OM, XSP-XSZ,
Beijing Tech Instrument, China). Particle size distribution
and mean diameter of the microcapsules were determined by
using an OM equipped with an image analyzer.

Determination of core content and wall thickness
of microcapsules

The theoretical core material content (WIDCPD ) of micro-
capsule was measured via TGA at 400 °C according to Cho
et al. [19, 20]; DCPD can been decomposed entirely at
this temperature. The prepared microcapsule core content
(WVDCPD ) was also determined by extracting method and
using acetone as extracting solvent. Microcapsule samples
were ground with a pestle in a mortar at room tempera-
ture. The crushed microcapsules were collected and

washed with acetone several times, then dried at room
temperature and obtained the residual wall shell material.
Knowing the initial weight of intact microcapsules
(W0Microcapsule ) and the weight of residual wall shell (WMF) of
microcapsules, the wall shell content (WVMF ) and WVDCPD of
microcapsule could be calculated as:

WVMF ¼ WMF

W0Microcapsule

� 100% ð1Þ

WVDCPD ¼ 100�WVMF ð2Þ
The theoretical wall shell thickness can be calculated

according to Eq. 3 [21],

h ¼ WIw

W0Microcapsule �WIw
� r
rw

� d
6

ð3Þ

where h is the theoretical wall shell thickness, WIw is the
weight of wall shell material, ρw is the density of the wall

Fig. 2 Aliquot OM images
during microencapsulation
process along with pH and
temperature. a Temperature and
pH value during microencapsu-
lation process.
b Aliquot OM images during
microencapsulation process
(magnification:×40). (i) Solution
of prepolymer; (ii) DCPD
droplets in prepolymer solution
and no shell formation
(0∼60 min); (iii) PMF nanopar-
ticles begin to precipitate out
solution and the solution
becomes an emulsion
(60∼120 min); (iv) Microcap-
sules begin to form
(120∼200 min); (v) Microcap-
sule shell increases
(200∼280 min); (vi) PMF nano-
particles attach further to the
wall shell and the solution turns
clear (280∼400 min)
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shell materials, which can be determined by densimeter, ρ
is the density of core material, and d is the mean diameter
of microcapsules. It is assumed that the weight of melamine
is MM, and the mole ratio of formaldehyde to melamine is
n, and then WIw can be calculated as:

WIw ¼ MM þ MM

m1
� n � m2 � MM

m1
� n
2
� m3 ð4Þ

where m1, m2, and m3 are the molecular weights of
melamine, formaldehyde, and water, respectively.

It is assumed that the initial weight of core materials is
R. Transforming Eq. 3 using Eq. 4 and R, and then Eq. 5
can be obtained.

h ¼ dMM

6R
� r
rw

� 1þ 2m2 � m3ð Þ
2m1

� n

� �
ð5Þ

The value of h can be calculated according to Eq. 5.
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Fig. 5 Size distributions of microcapsules prepared by selecting
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Fig. 3 1H-NMR spectra of
PMF
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Determination of self-healing efficiency

The self-healing composite systems were prepared by
mixing DGEBPA with PMF microcapsules containing
DCPD, 8.0 wt% of 2E4MZ, and 3.0 wt% of WCl6/
WOCl4-AlEt3. The mixture was degassed, poured into a
closed glass mold, and cured for 2 h at 100 °C followed by
4 h at 150 °C. After curing, the self-healing systems were
removed from the mold. Tapered double cantilever beam
(TDCB) specimens were made for self-healing experi-
ments. The mean thickness of specimens was about 4 mm.
Healed fracture tests were performed after 2 weeks of the
fracture event. The crack healing efficiency (η) can be
evaluated by adopting a measurement of the ability to
recover fracture [22]. For the TDCB specimens with the
same geometry, η can be calculated as [23]:

h ¼ PHealed
C

PVirgin
C

ð6Þ

where PVirgin
C is the critical fracture load of the virgin

specimen, and PHealed
C is the critical fracture load of healed

specimen. The fracture toughness test was performed using
an Instron Model 8502 tensile test machine in displacement
control at a rate of 2 mm/min.

Results and discussion

The microencapsulation process of DCPD was monitored
by using OM. Figure 2 shows a sequence of aliquot images

along with temperature and pH profile. When DCPD is
added to the solution at room temperature, microeddies
with a range of length scales are present in the flow. DCPD
droplets can be observed in the time range of 0∼60 min.
During this time period, the pH reduces from 10.0 to 8.5;
no wall shell forms. As the solution temperature increases
slowly from 25 to 35 °C and the pH decreases from about
8.5 to 6.5 in the time range of 60∼120 min, the solution
becomes an emulsion owing to the formation of PMF
nanoparticles in suspension, indicating that PMF prepoly-
mer begins to precipitate out solution. When the pH reduces
from 6.5 to 4.0 and the temperature continuously increases
from 35 to 51 °C, the microcapsules begin to form owing to
the increase of the molecular weight of prepolymer. The
microcapsules can be obviously observed during
200∼280 min when the temperature increases from 51 to
65 °C and when the pH is kept at 4. The reason is the
deposition of most of PMF nanoparticles on the surfaces
of microcapsules. However, the microcapsules are easily
fractured or deformed due to the thinner shell if the
deposition of PMF nanoparticles is stopped. Stabilizing
the temperature (about 65 °C) and pH value (about 4) in
the time range of 280∼400 min, the wall shell of micro-
capsule becomes thicker and reaches its maximum owing
to the further reaction of prepolymer and the deposition of
PMF nanoparticles on the surface of the microcapsule.
Moreover, the suspension gradually becomes clear, and
the microcapsules are easily separated.

Figure 3 shows the 1H-NMR spectra of PMF wall shell
material. The peak at about 2.17 ppm represents the protons
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Fig. 6 The relationship of mean
diameter and agitation rate
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for methylene ether bridges, which indicates the polymer-
ization of melamine and formaldehyde. Figure 4 shows the
spectra of DCPD, PMF wall shell material, and PMF
microcapsules containing DCPD. The spectrum of DCPD
(curve a) reveals C=C stretching vibration peak at about
3,060 cm−1, C–H stretching vibration peak at 2,971 cm−1,
and =C–H bending vibration peak at about 1,340 cm−1. The
spectrum of PMF wall shell material (curve b) indicates the
board stretching vibration peaks of N–H and –OH at
about 3,353 cm–1, the stretching vibration peak of C–N
and the bending vibration peak of N–H at about
1,347∼1,592 cm−1, and the vibration peak of –C–O–C– at
about 1,011 cm−1. Knowing that the characteristic peaks of
DCPD and PMF wall shell material, it can be found that the
spectrum of microcapsules (curve c) not only well defines
the characteristic peaks of PMF but also shows the

characteristic peaks of DCPD, which indicates that DCPD
is microencapsulated with PMF.

Figure 5 shows the size distributions of microcapsules
prepared by adjusting agitation rates between 150 and
400 rpm. The size distribution of each microcapsule sample
is in a wide size range. Because the fluid flow around the
propeller is turbulent, in the region of flow away from the
propeller, many larger microeddies exist, and in the vicinity
of the propeller blades, many smaller microeddies exist; as
a result, the size of microcapsules are in a wider length
scale [24, 25]. The microcapsule size can be controlled by
adjusting agitation rate during microencapsulation [26, 27].
The mechanical agitation can provide energy for emulsion
and bring two immiscible phases into contact, resulting in
the formation of oil drops. The size of oil drops depends on
many variables including the agitation speed. An increase
in the agitation speed promotes breakup of oil droplets and
favors the formation of finer emulsion [28–32]. As a result,
the amount of microcapsules with smaller particle size
increases, the particle size distribution shifts toward smaller
sizes, and the size distribution becomes narrower, which are
in accordance with the results reported by Kawashima et al.
[33]. In this study, microcapsule diameters are in the range
of 54.3∼318.2 μm, and the mean diameters of micro-
capsules are in the range of 65.2∼202.0 μm by selecting a
different agitation rates between 150 and 500 rpm.

Figure 6 shows the relationship between the mean
diameter and the agitation rate. As the agitation rate
increases, a finer emulsion is obtained, and the mean
diameter of microcapsules decreases with the increase of
the agitation rate. The relationship between mean diameter
and agitation rate is third-order exponent decay as shown in
Fig. 6a and linear in log–log scale as shown in Fig. 6b,
which are in accordance with the results reported by Brown
et al. [12]. Figure 7a shows the mean wall shell thicknesses
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determined by SEM and the theoretical mean wall thick-
nesses of the corresponding microcapsules prepared by
selecting different agitation rates. The mean wall thickness
decreases as the agitation rate increases. The main reason
probably is the fact that the total surface area of oil drops

increases due to the formation of more smaller oil.
Figure 7b shows the core contents of microcapsules
prepared by selecting different agitation rates. They are
evaluated by TGA and Eq. 2, respectively. The agitation
rate has no significant influence on the core contents of

2

3

4

5

6

7

8

 2.0wt%SDBS
+2.0wt%PVA

1.0wt%SDBS
+2.0wt%PVA

1.0wt%SDBS
+1.0wt%PVA

0.5wt%SDBS
+1.0wt%PVA

0.5wt%SDBS
+0.5wt%PVA

W
al

l t
hi

ck
ne

ss
(u

m
)

 Theoretical mean wall thickness
 Mean wall thickness determined by SEM  

0

10

20

30

40

50

60

70

80

2.0wt%SDBS
+2.0wt%PVA

1.0wt%SDBS
+2.0wt%PVA

1.0wt%SDBS
+1.0wt%PVA

0.5wt%SDBS
+1.0wt%PVA

0.5wt%SDBS
+0.5wt%PVA  

C
or

e 
co

nt
en

t(
%

)

  W
I

DCPD

  W
V

DCPD

(a)

(b)

Fig. 9 The mean wall thickness
and core contents of micro-
capsules prepared by
selecting different surfactant
concentrations. a Mean wall
thicknesses of microcapsules
determined by SEM and Eq. 5.
b Core contents of microcap-
sules evaluated by TGA and
Eq. 2

788 Colloid Polym Sci (2007) 285:781–791



microcapsules. The reason probably is the fact that the
density of wall shell materials is smaller, compared with the
core materials, and little change in the amount of wall shell
materials has a slight effect on the core content.

Figure 8 shows the mean diameters of microcapsules
prepared at different surfactant concentrations (0.5, 1.0, and
2.0 wt%). As the surfactant concentrations of SDBS and
PVA increase from 0.5 to 2.0 wt%, the microcapsule size
distribution becomes narrow and the mean diameter of
microcapsules decreases. The reason is the fact that in-
creasing the surfactant concentration can improve the core

material dispersion in water and reduce the flocculation of
core material, which can help to form the smaller micro-
capsules. In general, the larger the surfactant concentra-
tions, the smaller are the core droplet and the microcapsule
size [34]. The mean diameter of microcapsules changes
slightly when the SDBS and PVA concentration values are
above 1.0 and 2.0 wt%, respectively. It can be explained by
the fact that the surfactant concentrations satisfy the
maximum dispersion of core droplets; the increase of
surfactant concentration cannot play a significant role in
dispersion of core droplets. Figure 9a shows the mean wall
shell thicknesses determined by SEM and the theoretical
mean wall thicknesses of the corresponding microcapsules
prepared by selecting different surfactant concentrations. In
general, the mean wall thickness of microcapsules
decreases as the surfactant concentrations increase. The

Fig. 11 SEM micrograph of the wall shell of microcapsule

Fig. 10 SEM micrograph of microcapsules
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main reason probably is the fact that the total surface area
increases owing to the formation of the more smaller oil
drops when the surfactant concentration is higher. Figure 9b
shows the core contents of microcapsules prepared by
selecting different surfactant concentrations, which are
evaluated by TGA and Eq. 2, respectively. The surfactant
concentrations have slight influences on the core contents
of microcapsules. The reason probably is the fact that little
change in amount of the wall shell material with smaller
density has a slight effect on the core content.

Additionally, Figures 7a and 9a show that the mean wall
shell thickness determined by SEM is larger than the
theoretical mean wall thicknesses without reference to the
agitation rate and surfactant concentration. The reason is
that during the practical microencapsulation, PMF nano-
particles deposited on the surface of microcapsule form a
rough and porous outer layer of PMF shell, not an ideal
compact wall shell, which results in the increase of the wall
shell thickness. Figures 7b and 9b show that the theoretical
mean core contents are slightly smaller than the measured
mean core contents of microcapsules without reference to
the agitation rate and surfactant concentration. The reason
is that the weight of the elimination of adsorbed water
and formaldehyde existing in microcapsules is included
in the calculated core material content [35–37]. During
the experiment, it was found that PMF microcapsules
containing DCPD exposed to ambient laboratory conditions
for 1 month lost 1.0∼2.0 wt% core weight, which is lower
than the weight loss of PUF microcapsules containing
DCPD ( about 2.3 wt%), indicating that the ambient
stability of PMF microcapsules containing DCPD is higher
than that of PUF microcapsules containing DCPD [12].

Figure 10 shows the SEM micrographs of micro-
capsules. The shapes of microcapsules are spherical, and
their surfaces are smooth. Figure 11 shows the SEM micro-
graph of fractured wall shell; the wall thickness is about

5.4 μm. The inner surface of microcapsule is smooth
though some debris on the inner surface can be found due
to the faulty preparation of microcapsule sample. The wall
thicknesses of microcapsules prepared by selecting different
agitation rates between 150 and 500 rpm are in the range of
2.8∼30.0 μm.

Figure 12 shows the DSC diagram of microcapsules.
The DSC curve indicates two manifest endothermic peaks
in the range of 25∼300 °C. The first one of the two
manifest endothermic peaks at about 41 °C is the melt point
of DCPD, and the second one at about 125 °C is mainly
due to the evaporation of DCPD. A weak peak at about
240 °C occurs on DSC curve probably due to the decom-
position of a part of DCPD. Owing to the high thermal
decomposition temperature of PMF wall shell material
(>300 °C), the endothermic peaks of PMF decomposition
do not occur obviously below 300 °C.

Figure 13 shows the TGA diagrams of PMF wall shell
material and microcapsules. The weight loss below 100 °C
for PMF is mainly attributed to the evaporation of adsorbed
water. The weight loss in the range of 100∼320 °C is
mainly due to the free formaldehyde. The weight loss in the
range of 320∼430 °C is attributed to the decomposition of a
part of melamine. The weight loss in the temperature range
of 430∼660 °C is attributed to thermal degradation of PMF,
and PMF progressively deaminates forming cyameluric
structure. Above 660 °C, PMF undergoes extensive deg-
radation [36, 37]. As for the microcapsules, the weight loss
below 100 °C is mainly attributed to the evaporation of
adsorbed water, the weight loss in the range of 100∼240 °C
is mainly caused by the evaporation or decomposition of a
part of DCPD, and the weight loss in the temperature range
of 240∼300 °C is due to the further decomposition of
DCPD.

The 5 wt% weight loss temperature (Td) of PMF micro-
capsules is at about 69 °C. Compared with the PUF micro-
capsules containing DCPD, the Td of PMF microcapsules is
higher than that of PUF microcapsules (59 °C, which have
been investigated in our laboratory). The reason is probably
the higher cross-linking density and compactness of PMF,
which can reduce the diffusion of DCPD.

To evaluate the self-healing efficiency of PMF micro-
capsules containing DCPD applied to polymeric compo-
sites, the microcapsules with different mean diameters were
embedded in epoxy matrix to fabricate the self-healing
composites. Figure 14 shows the self-healing efficiency of
cured epoxy resins mixed with different mean diameter
microcapsules. The microcapsule diameter has a significant
influence on the self-healing efficiency. The higher self-
healing efficiency can be obtained by adding a lower
content of microcapsules with larger diameter or by adding
a higher content of microcapsules with smaller diameter,
and increasing microcapsule diameter can improve the
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maximum self-healing efficiency. These phenomena are in
accordance with the results reported by Brown et al. [23].
In this study, the self-healing efficiency is in the range of
20∼56%.

Conclusions

PMF microcapsules containing DCPD were prepared
successfully by in situ polymerization technology in an
oil-in-water droplet interface. Microcapsules with mean
diameter in the range of 65.2∼202.0 μm and shell thickness
of about 2.8∼30.0 μm can be obtained by adjusting
agitation rates between 150 and 500 rpm. Increasing the
surfactant concentration can decrease the diameters of
microcapsules. Due to the high thermal stability of cross-
linked PMF and the formation of smooth surface, PMF
microencapsulated DCPD has better thermal stability, and
its Td is enhanced by 10 °C in comparison with PUF
microcapsules containing DCPD. PMF microcapsules con-
taining DCPD could be applied to polymeric composites
fabricated at room temperature and middle temperature
(50∼100 °C). In general, the research provides novel micro-
capsules for the self-healing composites, and the effects of
the microcapsules on the polymeric composites will be
further examined in our future study.
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