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Abstract

We report an in situ encapsulation method demonstrating over an order of magnitude size reduction for the preparation of urea–form-
aldehyde (UF) capsules filled with a healing agent, dicyclopentadiene (DCPD). Capsules with diameters as small as 220 nm are achieved
using sonication techniques and an ultrahydrophobe to stabilize the DCPD droplets. The capsules possess a uniform UF shell wall (77
nm average thickness) and display good thermal stability. By controlling the f-potential, the capsules are uniformly dispersed in an epoxy
matrix and shown to cleave rather than debond upon fracture of the matrix. Mechanical properties of the epoxy/capsule composite,
including mode-I fracture toughness, elastic modulus, and ultimate tensile strength are measured and compared to previous data for
larger capsules (ca. 180 lm).
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Damage in polymeric coatings, adhesives, microelec-
tronic components, and structural composites can span
many length scales. Structural composites subject to impact
loading can sustain significant damage on the order of tens
of centimeters, which in turn can lead to subsurface milli-
meter scale delaminations and micron scale matrix crack-
ing. Coatings and microelectronic packaging components
have cracks that initiate on even smaller length scales.
Repair of large-scale damage (e.g. a projectile or blast
impact) is difficult and, when possible, requires use of
bonded composite patches over the effective area. For
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smaller scale crack damage, however, a novel method of
autonomic repair has been achieved through the use of
self-healing polymers [1].

Crack healing is accomplished by dispersing capsules
containing a healing agent and a solid catalyst within a
polymer matrix. Damage in the form of a crack serves as
the triggering mechanism for self-healing as injury does
in biological systems. The approaching crack ruptures the
embedded microcapsules, releasing healing agent into the
crack plane through capillary action. Polymerization of
the healing agent is initiated by contact with the embedded
catalyst, bonding the crack faces.

Self-healing polymers and composites that incorporate
microencapsulated healing agents have demonstrated
high levels of healing efficiency in both static and
dynamic loading conditions [2–4]. Microcapsules that
contain the healing agent must possess adequate
strength, long shelf-life, and excellent bonding to the
host material. In previous work we have shown that
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urea–formaldehyde capsules containing dicyclopentadiene
(DCPD) prepared by in situ polymerization in an oil-in-
water emulsion meet these requirements for self-healing
epoxy [5]. However, standard emulsion encapsulation
procedures reach a lower limit of approximately 10 lm
in capsule diameter. In the current work, we demonstrate
over an order of magnitude reduction in size scale by a
combination of ultrasonication and in situ encapsulation
techniques. Development of submicron capsules and
nanocapsules filled with healing agent will allow for the
incorporation of healing functionality in composites with
interstitial spacing smaller than capsules prepared using
previous methods.

Submicron capsules and particles have been prepared
previously for encapsulation of inorganic particles such
as magnetite in polystyrene [6], pressure sensitive adhe-
sives [7], and melamine-formaldehyde capsules containing
cyclohexane and n-octadecane [8]. An emulsion stabilized
by an ultrahydrophobe in the presence of high shear
induced by ultrasonic processing leads to the formation
of submicron droplets of oil in water [9,10]. The process
of in situ polymerization has been used to produce micro-
capsules as described in the previous works of Brown
et al. [5], Ni et al. [7], and Alexandridrou et al. [11].
The current work extends in situ polymerization studies
of UF encapsulation of DCPD to submicron size scales
utilizing costabilization techniques described in the mini-
emulsion literature [12,13].

The addition of particulate fillers, such as capsules, to an
epoxy resin can have a significant influence on the mechan-
ical properties of a material. Particle fillers can lead to frac-
ture toughness increases by multiple phenomena including,
but not limited to, crack pinning [14], crack bridging [15],
microcracking [16], and crack deflection [17,18]. In each
case, the properties of the toughening filler, the filler vol-
ume fraction, and filler to matrix adhesion are important
parameters in determining the level of toughening. Exam-
ples of particle induced toughening in thermoset resins
have been reported for hollow glass cenospheres [19], silica
Fig. 1. Encapsulation method for preparing UF capsules containing DCPD us
prior to sonication and (c) during sonication.
nanoparticles [20,21], multi-layered rubbery nanoparticles
[22], and for Al2O3 nanocomposites [23]. Brown et al.
[2,24] reported significant increases in fracture toughness
of a DGEBA epoxy matrix with varying concentrations
of DCPD filled microcapsules ranging in diameter from
50 lm to 460 lm.

In addition to fracture toughness, microcapsules affect
the elastic modulus of the composite. For example, an
increase in elastic modulus was observed when glass ceno-
spheres were added to a polyester matrix [19]. However,
decreasing elastic modulus [25,26] and ultimate tensile
strength [26] has been reported with increasing concentra-
tion of UF capsule concentration of relatively large (ca.
180 lm) capsules. In this study, we measure the fracture
toughness, elastic modulus, and tensile properties of epoxy
composites with UF capsules (ca. 1.5 lm) and compare
these results with previous studies by Brown et al. using lar-
ger UF capsules.

2. Materials and methods

2.1. Capsule preparation

Submicron capsules containing DCPD monomer were
prepared by in situ polymerization of urea and formalde-
hyde using a modified process of Brown et al. [5], which
is summarized in Fig. 1a. DCPD (15.5% w/v) was slowly
added to 30 ml of a room temperature solution of 1.5% eth-
ylene-maleic anhydride copolymer (Zemac-400 EMA),
urea, resorcinol, and ammonium chloride and allowed to
equilibrate under stirring conditions for 10 min before son-
ication. For some capsule batches, an ultrahydrophobe,
either hexadecane or octane, was added to the DCPD as
a costabilizer to increase the hydrophobicity of the inner
phase and decrease Ostwald ripening [10]. The tapered
3.2 mm tip sonication horn of a 750 W ultrasonic homoge-
nizer (Cole–Parmer) was placed in the solution, as shown
in Fig. 1b, for 3 min at 40% intensity (�3.0 kJ of input
energy) with continuous mixing at 800 rpm. This sonica-
ing sonication: (a) process flow chart; (b) schematic showing the emulsion
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tion step changes the emulsion from slightly cloudy to opa-
que white. Formalin (37% formaldehyde) was then added
in the same ratio as described previously by Brown et al.
[5]. The temperature control bath was slowly heated and
held constant for 4 h of reaction. At the completion of
the reaction, the mechanical agitation and heating were
stopped, and the pH was adjusted to 3.50 with sodium
hydroxide.

2.2. Capsule dispersion in epoxy

Capsules filled with the healing agent DCPD were
cooled in an ice bath to ensure dispersion stability. Anhy-
drous magnesium sulfate, a drying agent, was added to
the aqueous capsule solution and the capsules were washed
with a solvent to remove excess EMA surfactant. The
resulting solution was centrifuged to separate the capsules
from the solution. Multiple washes and centrifugation
steps were necessary to remove excess water and surfactant.
The resulting capsule mass was allowed to air dry between
0 and 30 min before it was mixed into the epoxy. The opti-
mal air dry time appeared to be between 10 and 15 min at
ambient conditions. Capsules were then dispersed using
ultrasonication and high speed stirring in an epoxy matrix
of EPON 828 (DGEBA) resin cured with Ancamine
(DETA). Homogeneous capsule dispersion in epoxy was
highly dependent on capsule dry time, capsule size, epoxy
sonication time, separation method, and various capsule
preparation parameters.

For mechanical testing and shell wall analysis, capsules
were dispersed in EPON 828 resin as described above,
mixed with 12 pph DETA curing agent, and molded into
the desired specimen shape. Fracture toughness was mea-
sured using a tapered double cantilever beam (TDCB) sam-
ple (Fig. 2a) [2,27], tensile strength was measured using the
sample shown in Fig. 2b, and the elastic modulus was mea-
sured using prismatic rectangular bars (h = 1.5 mm,
w = l.0 mm, l = 15.0 mm) prepared for dynamic mechani-
cal analysis (DMA). For measurement of shell wall thick-
ness, cylindrical epoxy samples (d = 8.0 mm, h =
Fig. 2. Test samples used to measure (a) mode-I fracture toughness and
(b) tensile strength. All specimen dimensions are given in millimeters.
16.0 mm) were frozen in liquid nitrogen and fractured with
a razor blade. Each specimen was subjected to the same
curing conditions of 24 h at room temperature followed
by 24 h in an oven at 35 �C immediately prior to testing.

3. Microcapsule characterization

A series of characterization tests were carried out on
the capsules prior to embedding in the epoxy matrix to
assess capsule morphology, physical properties and stabil-
ity. Shell wall integrity, aggregation phenomena, and
microcapsule size were observed by scanning electron
microscopy (SEM). Capsule samples were prepared on
glass slides, dried in a vacuum oven, and sputter coated
with gold-palladium. The SEM measurements were made
at 5.0 kV accelerating voltage with a spot size of 3.0 to
minimize sample charging. The SEM images revealed that
the capsules were spherical in shape, nearly monodisperse
in capsule diameter, and had a smooth non-porous shell
wall. The capsule shell walls were free of the thick layer
of UF debris seen by Brown et al. in previous studies
[5]. SEM was also used to investigate clumping problems
caused by insufficient surfactant concentration. Fig. 3a
shows a characteristic clump of capsules which results
when the concentration of EMA surfactant for capsule
formation was too low. The optimized EMA concentra-
tion was found using a binary search with the criterion
of minimizing EMA concentration without clump forma-
tion. Capsule clumps formed with low concentrations of
EMA were inseparable by ultrasonication, stirring, and
solvent washing. Capsules shown in Fig. 3b were pro-
cessed using the optimized capsule preparation process
and were dispersible in epoxy.

3.1. Capsule size analysis

Capsule size analysis was performed by two different
methods, SEM and focused extinction (PSS Accusizer
FX). A characteristic focused extinction histogram for cap-
sules without costabilizer is shown in Fig. 4a. Focused
extinction mean values were calculated from over 50,000
measurements and SEM mean values were calculated from
a minimum of 200 individual measurements obtained from
photomicrographs. The capsules prepared with a core
material of pure DCPD had a mean diameter of 1.56 ±
0.50 lm measured by focused extinction and 1.65 ±
0.79 lm via SEM measurements.

Capsule size was further reduced by the addition of
costabilizer to minimize Ostwald ripening. The effect of
costabilizer on the final capsule diameter is summarized
in Fig. 4b for 0–10 wt% hexadecane and 0–30 wt% octane,
and listed numerically in Table 1. The smallest batch of
capsules, had a mean diameter of 220 ± 113 nm measured
by SEM, and was achieved with 10 wt% hexadecane costa-
bilizer. Images of the nanocapsules show spherical cap-
sules, free of surface debris (Fig. 5a) with well formed
shell walls (Fig. 5b).



Fig. 3. (a) Aggregated capsules prepared using a low concentration of the surfactant EMA and (b) separated capsules produced using optimized
concentration of the surfactant EMA.

Fig. 4. (a) Size distribution of microcapsules prepared using sonication technique as measured by focused extinction, (b) mean capsule diameter for
different ratios of DCPD to costabilizer: octane (d) and hexadecane (j).

Table 1
Capsule characterization results

Conditions Diameter (lm) Wall thickness (nm) DCPD Mass (%) Fill (%)

Standard capsules (550 RPM stirring)a 183 ± 42 190 ± 30 79–92 –
Sonicated capsules 1.56 ± 0.50 77 ± 25b 78.4 94
Sonicated capsules 1.65 ± 0.79b – – –
Sonicated capsules (2% hexadecane) 0.717 ± 0.32 – – –
Sonicated capsules(5% hexadecane) 0.294 ± 0.15 – – –
Sonicated capsules(10% hexadecane) 0.220 ± 0.11b 20 ± 3c – –

a Brown et al. [4].
b SEM measurement.
c TEM measurement.

Fig. 5. (a) SEM images of nanocapsules produced with hexadecane costabilizer and (b) TEM images showing the core-shell morphology of the produced
nanocapsules.
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Fig. 7. Characteristic TGA traces for dried 1.5 lm mean diameter
capsules prepared using sonication technique. High quality capsules show
a rupture event and significant weight loss near the boiling point of
DCPD. Low quality capsules show more gradual weight loss in this regime
and a greater percentage of retained weight above 300 �C associated with
the decomposition of the urea–formaldehyde shell wall.
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3.2. Shell wall thickness

Shell wall thickness was measured directly from SEM
images of the fracture surfaces for capsules containing
DCPD without costabilizer (ca. 1.5 lm diameter). Mea-
surements were collected from two independent batches
using ImageJ image analysis software. The combined data
set is presented in Fig. 6. The mean shell wall thickness was
77 ± 25 nm. For the smallest capsules produced (ca.
200 nm diameter), shell wall thickness was estimated as
20 ± 3 nm from TEM images (Fig. 5b). Previous studies
of larger UF microcapsules reported a substantially thicker
shell wall of 190 ± 30 nm [5,25].

3.3. Thermal stability of capsules

Thermal stability and overall quality of the prepared cap-
sules was assessed by thermogravimetric analysis (TGA) at a
heating rate of 10 �C/min. Capsule samples were allowed to
dry at 80 �C for 2 h before thermal testing to remove resid-
ual water. In Fig. 7, a representative TGA trace for opti-
mized capsules with a stable shell wall is compared to that
for leaky capsules with lower DCPD content. The TGA per-
formed on capsules prepared using the optimized processing
method showed less than 5% capsule weight loss before
100 �C (i.e. residual water). In addition, a sharp drop in
weight percent occurred from 150 to 220 �C. This drop cor-
responded closely to the boiling point of DCPD (170 �C),
and indicated that the capsules were stable up to the rupture
and release of the vaporized healing agent.

3.4. Capsule fill content analysis

The fill content of the capsules was examined by gas
chromatography to determine the presence of DCPD in
the processed capsules. Prior to testing the composition
Fig. 6. Distribution of the shell wall thickness of capsules prepared without
costabilizer as measured by SEM. This data was collected from two
independent sample batches and includes 106 individual measurements.
of the capsules, authentic traces of methylene chloride,
endo-DCPD, and exo-DCPD were used to determine the
correlation of peaks to specific chemical compounds. Fol-
lowing a 12 h 80 �C drying period, capsules were placed
in methylene chloride. The mixture of methylene chloride
and capsules was sealed and allowed to stand for 1 week
in order to allow the DCPD sufficient time to diffuse from
the capsules into the solvent. GC was then performed on
the filtered solution and confirmed the presence of both
the endo and exo isomers of DCPD that were expected
to be present in distilled DCPD [28]. Fig. 8 contains repre-
sentative data corresponding to methylene chloride, endo-
DCPD, and exo-DCPD for the 180 lm capsules (Fig. 8a)
compared to 1.5 lm diameter capsules (Fig. 8b).

As in previous work, CHN data was used to estimate the
DCPD and UF content of the capsules [25,29]. The carbon,
hydrogen, and nitrogen content of the sonicated capsules
was measured by combustion of a sample of prepared cap-
sules, and analysis of the products (Exeter Analytical
CE440). Since the UF shell wall was the only compound
in the sample containing nitrogen, the mass percent of
the UF follows directly from the measured nitrogen mass
percent (WN). The DCPD mass percent was then calcu-
lated from the UF mass percent and the measured carbon
mass percent (WC) [29]:

W UF ¼ 4:003 W N;

W DCPD ¼ 1:101 W C � 0:5895 W UF:
ð1Þ

From the CHN data and Eq. (1), the average microcap-
sule DCPD content by mass was 78.4%. To determine the
percent of filled volume in the capsules, a simple sphere in
sphere model was used to represent the core-shell morphol-
ogy of the capsule. Based on measured values of shell wall



Fig. 8. Gas chromatograph of: (a) 180 lm mean diameter capsules (b)
1.5 lm mean diameter capsules prepared using sonication.

Fig. 9. f-Potential of 1.5 lm capsules measured by electrophoretic
mobility.

Fig. 10. Tensile strength of epoxy/capsule composite for large diameter
capsules (d) [25], and smaller diameter capsules (j) is compared to the
best fit Sudduth model [31].
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thickness, the mean capsule diameter, and the densities of
DCPD (0.976 g/cm3) and UF (�1.15 g/cm3), the mean cap-
sule fill percentage was estimated to be 94% by volume.

3.5. Capsule f-potential measurement

The f-potential of the capsules was studied to determine
the ideal storage and processing pH for the capsules to
avoid aggregation. Capsule solutions were prepared at
pH levels ranging from 2 to 10 by dropwise addition of
dilute aqueous sodium hydroxide and hydrochloric acid
solutions. The samples were analyzed immediately after
preparation to avoid agglomeration and sedimentation.
The f-potential was measured by electrophoresis for each
pH level (Malvern Zetasizer) as shown in Fig. 9. Each data
point was the mean of at least 10 measurements from 2
independent batches. The isoelectric point (IEP) for the
capsules was located at pH 2.2.

The encapsulation process described in Fig. 1a finishes
with a pH of �2.0 resulting in a low f-potential. Therefore,
it was necessary to raise the pH to prevent aggregation. In this
study, particles with a higher f-potential (e.g. jfj > 30 mV)
were considered electrostatically stable [30]. Agglomeration
was minimized by raising the pH to a value between 3.5
and 4.0 with the addition of sodium hydroxide before storing
the capsules or dispersing them in a polymer matrix. Higher
pH values were not used because high alkalinity degraded
the capsule shell walls over long periods of time.

4. Mechanical properties of epoxy/capsule composite

4.1. Elastic modulus and tensile strength

Measurements of the elastic modulus were obtained by
dynamic mechanical analysis (DMA). The elastic modulus



Fig. 11. Fracture toughness of epoxy/capsule composite with 1.5 lm
capsules (d) compared to data gathered previously by Brown et al. using
180 lm capsules (j) [24].

Table 2
Epoxy/capsule composite characterization

Volume fraction (Uf) E (GPa)a rc (MPa) KIC (MPam1/2)

0 – Virgin material 2.88 ± 0.27 37.9 ± 3.4 0.95 ± 0.18
0.005 – – 1.20 ± 0.15
0.01 2.91 ± 0.13 31.9 ± 4.74 1.29 ± 0.16
0.02 2.90 ± 0.17 26.2 ± 2.45 1.52 ± 0.02

a DMA measurement of elastic modulus at 25 �C.
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of the capsule filled composite was measured and com-
pared between various capsule sizes and capsule volume
fractions. Only a negligible change in modulus from the
neat resin was observed with the addition of 0.5–2.0% vol-
ume fraction of the 1.5 lm capsules. In contrast, Rzeszutko
et al. [26] reported a proportional decrease in elastic mod-
ulus with increasing volume fraction of 180 lm diameter
capsules.

The ultimate tensile strength of epoxy with 1.5 lm cap-
sules at various concentrations was measured using the
Fig. 12. Optical micrographs of the fracture surface of epoxy filled with well-d
images.
sample shown in Fig. 2b and loaded to failure at a rate
of 1 mm/min. As shown in Fig. 10, a drop in tensile
strength was observed for capsule loadings up to
/f = 0.02. For comparison, the data from previous investi-
gations of 180 lm capsules is also plotted in Fig. 10 [26].
The decrease in tensile strength (rc) for both capsule diam-
eters was consistent with empirical models proposed by
Sudduth for particulate composites [31]:

rc

ro

¼ /FZL � /f

/FZL þ A/f

� �k

exp B/FZL 1� /FZL � /f

/FZL

� �k
( )" #

:

ð2Þ
In Eq. (2), ro is the tensile strength of the neat resin; A, B,
and the interaction coefficient (k) are fitting parameters;
and the zero limit packing fraction (/FZL) is assumed to
be the upper zero limit packing fraction (/FUZL = 0.768)
given by Sudduth.

The dependence of tensile strength on average filler par-
ticle diameter has been studied by Landon et al. for a cross-
linked polyurethane composite [32]. Their studies suggest
that smaller particles have less of an effect on the tensile
strength. While no significant change in tensile behavior
was seen for 1.5 lm capsules compared to 180 lm capsules
in our study, the tensile properties may be improved as we
scale down further.

4.2. Fracture toughness

The mode-I fracture toughness (KIC) of the epoxy/cap-
sule composite was investigated over a range of capsule
concentrations. As shown in Fig. 11, KIC increased signifi-
cantly with capsule volume fraction (/f). A 59% increase in
fracture toughness was achieved for /f = 0.015. The cur-
rent data for sonicated capsules (ca. 1.5 lm diameter) were
also compared to data taken by Brown et al. for larger cap-
sules (ca. 180 lm diameter) [2]. As shown in Fig. 11, the
increase in fracture toughness per volume fraction of cap-
sules was substantially higher for 1.5 lm capsules than
for larger capsules. Further composite characterization
details are summarized in Table 2.
ispersed 1.5 lm capsules. Crack propagation is from left to right in these



Fig. 13. (a) Top view of cleaved capsule embedded in epoxy with the shell wall exposed and crack tail extending toward the bottom of the micrograph and
(b) three-dimensional crack tail structure on the fracture surface of epoxy/capsule composite. Crack propagation is from right to left in this image.
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The fracture surfaces associated with well dispersed
1.5 lm capsules (Fig. 12) contained tail structures consis-
tent with increased fracture toughness. Near the crack
tip, tail structures extended a mean length of 86 lm
(n = 130) along the fracture surface. The tails associated
with larger capsules (180 lm diameter) extended an average
of 128 lm (n = 60). Hence, the ratio of tail length to diam-
eter was significant for 1.5 lm capsules. Individual capsule
rupture is evident in Fig. 13a. A tilted view of the fracture
surface (Fig. 13b) reveals characteristic crack tail behavior
indicative of crack deflection reported in previous nanopar-
ticle fracture studies [24,33]. The crack deflection caused by
the capsules was a key mechanism for the increased frac-
ture toughness of the composite.

5. Conclusions

Healing agent-filled capsules with mean diameters as
small as 220 nm and as large as 1.65 lm were prepared
using an in situ UF encapsulation sonication technique.
The prepared capsules had a smooth outer surface as
opposed to the rough, debris covered UF capsules pre-
pared by mechanical agitation. The capsule fill content
was approximately 94% and they remained thermally sta-
ble to 150 �C, just below the boiling point of DCPD.

The capsules were successfully dispersed in an epoxy
matrix up to /f = 0.02. A slight decrease in the elastic mod-
ulus along with a more significant decrease in ultimate tensile
strength was measured for composites with included cap-
sules with a mean diameter of 1.5 lm. The decrease in tensile
strength was accompanied by a significant increase in frac-
ture toughness. Epoxy with dispersed sonicated capsules
showed a nearly 59% increase in fracture toughness for a
capsule volume fraction of /f = 0.015. Fracture surfaces
revealed that nearly all of the capsules ruptured during frac-
ture. Significant crack tail formation on the fracture plane
indicated active crack pinning and crack deflection mecha-
nisms for increasing the fracture toughness of the composite.

The sonication process described in this study provides
an efficient method for the production of nanocapsules that
meet the requirements for self-healing materials. These
smaller capsules will make self-healing materials responsive
to damage initiated at a scale that is not currently possible
and compatible with composites where the reinforcement
spacing requires smaller capsules for applications such as
self-healing thin films, coatings, and adhesives.
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