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A B S T R A C T

Self-healing composites based on epoxy resin containing poly(methyl methacrylate) (PMMA) microcapsules
filled with healing agents were prepared. The effect of healing agents microcapsules on mechanical properties
and self-healing behavior of epoxy composites were investigated in this work. Epoxy and mercaptan as curing
agent were microencapsulated in PMMA shell as two-component healing agent through internal phase separa-
tion method, and then, epoxy composites containing 2.5, 5, 7.5 and 10wt% of healing agent microcapsules were
prepared. The fracture toughness and healing efficiency of these composites were measured using a tapered
double cantilever beam (TDCB) specimen. The results indicated that about 80% healing efficiency was achieved
with 10wt% PMMA microcapsules at room temperature after 24 h. The tensile strength of the epoxy with 2.5 wt
% PMMA microcapsules increased initially and then decreased gradually with increasing microcapsules content
up to 10 wt% PMMA microcapsules. DSC results also indicated that this system has good potential for sponta-
neous self-healing performance at room temperature.

1. Introduction

Polymer matrix composites are widely used in tremendous en-
gineering fields because these materials are capable to provide ad-
vantages including improved mechanical, electrical, chemical, or
thermal properties compared to the pure composite matrix [1]. Epoxy
resins are one of the polymers used as high performance matrix in
composites but microcracking of these composites is a critical problem
during their service in structural applications. Microcracks are deeply
occurred within a structural component and it is difficult to detect and
repair by conventional methods [2]. Self-healing materials can repair
microcracks without any detection techniques or a special manual in-
tervention, and offer tremendous potential for providing long-lived
composites, reduction the cost associated with repair and maintenance,
and improving the durability and reliability of materials [3]. Self-
healing materials have been developed through encapsulation of
healing agents in microcapsules [4–6], hollow fibers [7,8], and mi-
crovascular networks [9,10]. Microcracks propagate through the ma-
terial and encounter healing agent carriers, easily cause their rupture,

thus release the healing agents along the crack surface react together
and heal the damaged region [11].

Two-component healing agent system was developed by several
authors, which consists of microencapsulated polymerizable compo-
nent and its hardener. In order to meet criteria of self-healing including
high flowability and rapid consolidation, the using of low viscosity and
highly active healing agents is very important [3]. Epoxy composites
containing healing agent microcapsules have been reported in several
studies [3,12–15]. Brown et al. encapsulated dicyclopentadiene (DCPD)
in PUF shell and used to repair the damage in epoxy matrix [12]. Yuan
et al. microencapsulated epoxy and mercaptan using poly(melamine
formaldehyde) (PMF) as shell and prepared self-healing epoxy compo-
site [3,13]. Mangun et al. prepared high temperature cured self-healing
epoxy composite via incorporating poly(urea formaldehyde) (PUF)
microcapsules filled with poly(dimethyl siloxane) (PDMS) resin and
separate poly(urethane) (PU) microcapsules containing an organotin
catalyst [14]. Li et al. investigated the self-healing performance of
epoxy composite by using microencapsulation of high viscosity epoxy
resin and poly(ether amine) curing agent in poly(methyl methacrylate)
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(PMMA) shell [15,16].
In this work, self-healing system is employed low-viscous highly

active epoxy as the polymerizable component and mercaptan in con-
junction with tertiary amine catalyst as hardener. Epoxy has good ad-
hesion to many materials and is an ideal candidate for versatile healing
agent. The mercaptan curing agent is very active and many polymers
are not suitable for encapsulating it, PMMA was chosen which is inert
toward mercaptan as the shell material. PMMA also has high chemical
stability, good mechanical properties, low strain at break, and excellent
compatibility with the epoxy matrix [15]. In our previous works, for the
first time, low viscosity epoxy and mercaptan were encapsulated in
PMMA and investigated the PMMA microcapsules properties [4,17,18].
The effects of processing parameters on the encapsulation of low visc-
osity self-healing agents in PMMA shell were investigated [4]. The
morphology of microcapsules filled with different self-healing agents
(low viscosity epoxy, mercaptan, and cycloaliphatic amine), in separate
PMMA shells investigated experimentally and theoretically in various
emulsion systems [17]. Then, in the next work, the elastic modulus and
hardness of PMMA microcapsules containing epoxy and mercaptan as
healing agents were investigated using nanoindentation technique [18].
To the best of our knowledge, the self-healing and mechanical prop-
erties of epoxy composite based on encapsulated epoxy and mercaptan

curing agent in PMMA shell have not yet been reported in the literature.
Here, the self-healing performance of epoxy- and mercaptan-filled
PMMA microcapsules, which were embedded in epoxy matrix were
investigated. In addition, the influence of the addition of the PMMA
microcapsules on the mechanical properties of the epoxy was also
studied.

2. Experimental

2.1. Materials

Epoxy prepolymer (EC157) as polymerizable component of the
healing agent was purchased from Elantas Co., Italy. Pentaerythritol
tetrakis (3-mercaptopropionate) (PETMP) was used as the hardener for
healing agent and was purchased from Sigma Aldrich, USA. For the
composite matrix, Epikote™ 828 as the matrix resin and Epikure™ F205
as the curing agent were purchased from Hexion Co., The Netherlands.
PMMA ( wM̄ = 550,000 g/mol) as capsule shell was purchased from
Alfa aeser Co., USA. Dichloromethane (DCM) was purchased from Acros
Organics Co., Belgium. Benzyl dimethylamine (BDMA) as catalyst for
healing reaction, methanol as solvent, sodium dodecyl sulfate (SDS),
and cetyltrimethylammonium bromide (CTAB) as surfactant were
purchased from Sigma Aldrich Co., USA. All materials were used as
received without further purification.

2.2. Microencapsulation of healing agents in PMMA shell

Epoxy- and mercaptan-loaded PMMA microcapsules were sepa-
rately prepared by dissolving 4 g of healing agent and 4 g PMMA in
120ml of DCM as oil phase. In the encapsulation process of mercaptan,
0.4 g of BDMA as catalyst for polymerization of epoxy prepolymer with
mercaptan was also added to the oil phase. The resultant oil phase was
added to aqueous phase (200ml of 1 wt% emulsifier solution) under
high mechanical mixing rate, 1000 rpm at room temperature for 30min
to obtain oil in water emulsion (O/W). In this procedure, CTAB and SDS
were used as emulsifier for microencapsulation of epoxy and mer-
captan, respectively. The resultant emulsion was dispersed into 300ml
of 1 wt% aqueous emulsifier solution under stirring. After completely
evaporation of DCM, healing agent microcapsules were formed. PMMA
microcapsules containing healing agent were filtered and washed sev-
eral times with methanol and distilled water and dried at room tem-
perature.

Fig. 1. TDCB composite sample containing 10 wt% PMMA microcapsules
(weight ratio of the epoxy- and mercaptan-filled microcapsules was 1:1).

Fig. 2. FTIR spectra of (a) neat epoxy, neat PMMA and epoxy/PMMA microcapsules, and (b) neat mercaptan, neat PMMA and mercaptan/PMMA microcapsules.
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Fig. 3. ESEM micrographs of (a) epoxy-loaded PMMA microcapsules and (b) mercaptan-loaded PMMA microcapsules.

Fig. 4. Size distributions of epoxy- and mercaptan-loaded PMMA micro-
capsules.

Fig. 5. Tensile stress-strain curves of the epoxy composites with various PMMA
microcapsules content.

Fig. 6. (a) Tensile strength and (b) Young's modulus of the epoxy composites
with various PMMA microcapsules content.
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2.3. Fabrication of self-healing epoxy composites

Pure epoxy specimens were prepared by mixing 100 parts Epikote™
828 and 58 parts of Epikure™ F205 as hardener, and self-healing epoxy
composites were also prepared by mixing various amounts of 2.5, 5, 7.5
and 10wt% of epoxy- and mercaptan-loaded PMMAmicrocapsules with
the aforesaid Epikot™ 828/Epikure™ F205 mixture. The weight ratio of
epoxy- and mercaptan-filled microcapsules in all the self-healing spe-
cimens was 1:1. The pure epoxy or composite specimens were degassed,
poured into silicon rubber molds with tapered double cantilever beam
(TDCB) geometry (Fig. 1) and dumbbell shape and cured for 24 h at
room temperature, followed post-cured at 80 °C for 1 h.

2.4. Characterization

2.4.1. Microcapsules characterization
Chemical structure of healing agent microcapsules were studied

using Fourier transform infrared (FTIR-ATR) spectroscopy (IR Tracer-
100, Shimadzu, Japan) in the range of 500–4000 cm−1, to identify the
functional groups. The curing reaction between the two components of
the healing agents released from ruptured PMMA microcapsules was
investigated using dynamic differential scanning calorimetry (DSC Pyris
1, Perkin Elmer Co., USA). The heating rate for the dynamic measure-
ments was adjusted to 10 °C min−1 from 25 to 150 °C under nitrogen
gas.

The size and morphology of the healing agent microcapsules and the
fracture surface of self-healing composites were taken using environ-
mental scanning electron microscopy (ESEM) at different magnifica-
tions (Philips ESEM-XL30, the Netherlands). The mean size of micro-
capsules was measured using dynamic light scattering (DLS)
(Brookhaven Instrument Co., USA).

In order to determine the core content of both the epoxy- and
mercaptan-loaded PMMA microcapsules, the extraction method by
Soxhlet with methanol as solvent was employed as described in our
previous work [4]. The yield of encapsulation of healing agent with
PMMA shell, , was defined by determining the ratio of the collected
capsules mass, w, to the total mass of healing agent and PMMA feed [4].

W
Wcore Wshell

100%=
+

×
(1)

2.4.2. Mechanical and self-healing studies
The tensile properties were measured using a servo-hydraulic ma-

terial testing system (MTS 810, MTS System Corporation, Minneapolis,
MN) with a speed of 1mm/min. For each sample five specimens were
tested and an average value was reported. The tensile samples of epoxy

and self-healing composites were prepared according to ASTM D638,
type II specimen.

Self-healing performance of samples was evaluated according to
fracture test on TDCB geometry that proposed by White et al. [19]. The
TDCB samples were prepared with short groove length to produce less
crack face separation. The pre-crack was created into the groove of
TDCB samples by inserting a fresh razor blade and gently tapping into
the mold notch starter. The fracture test was carried out under the
displacement control using a 5 μms−1 displacement rate at room tem-
perature. The specimens were fractured only to the end of groove and
then the cracked specimens were unloaded, allowing the crack face to
come back into contact and self-healed at room temperature for 24 h.
The healed specimens were tested again following the above procedure.
The healing efficiency for each sample was averaged from three spe-
cimens.

3. Results and discussion

3.1. Characteristics of PMMA microcapsules

Fig. 2a shows the FTIR spectra of neat epoxy, neat PMMA and
PMMA microcapsules containing epoxy. The FTIR spectrum of epoxy
shows absorption peaks at 912 and 1236 cm−1 that indicate the C-O
deformation band and stretching vibration of the oxirane group, re-
spectively [20]. For the neat PMMA, it can be seen that there is a dis-
tinct absorption band at 1141 cm−1 that is due to O-CH3 stretching
vibration. The absorption peaks at 1139 and 1238 cm−1 can be at-
tributed to C-O stretching vibration and the C-O-C single band
stretching vibration, respectively. The band at 1720 cm−1 shows the
presence of C=O group. The C-H stretching absorption peaks of -CH2
and –CH3 appeared at 2949 and 2991 cm−1, respectively [21]. The
FTIR spectrum of epoxy/PMMA microcapsules indicates the char-
acteristic peaks of neat epoxy and neat PMMA, confirming the suc-
cessful microencapsulation of epoxy with PMMA without occurring any
chemical reactions.

Fig. 2b indicates the FT-IR spectra of the neat mercaptan, neat
PMMA and mercaptan-loaded PMMA microcapsules. The spectrum of
PETMP shows stretching vibration of C-O at 1145 cm−1, stretching of
C=O at 1718 cm−1 and characteristic stretching peak of S-H at
2567 cm−1 [11]. The C-H stretching vibration peaks of methylene
group (-CH2) appeared at 2902 and 2949 cm−1. All the characteristic
peaks of both neat mercaptan and neat PMMA appeared also on the
FTIR spectrum of the PETMP/PMMA microcapsules.

The thermal stability of healing agents, PMMA and microcapsules
were studied using thermogravimertic analysis.

ESEM micrographs of the encapsulated epoxy and mercaptan in

Fig. 7. SEM images of cross-section of epoxy composite with 5wt% epoxy contained microcapsules and 5 wt% mercaptan contained microcapsules a):× 1000,
b)× 2000.
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Fig. 8. Typical load-displacement curves for TDCB fracture specimens of (a) pure epoxy, (b) epoxy with 2.5 wt% microcapsules, (c) epoxy with 5 wt% microcapsules,
(d) epoxy with 7.5 wt% microcapsules, and (e) epoxy with 10 wt% microcapsules.
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PMMA shell are presented in Fig. 3 (a and b). The healing agent mi-
crocapsules are formed in spherical shape and with relatively smooth
surface morphology. ESEM images of PMMA microcapsules indicate
just a unimodal size distribution with different mean diameter as ob-
served in Fig. 4. In the previous studies, it is suggested that the most
important process parameters influencing the size and size distribution
of capsules are the composition of continuous organic phase, the vo-
lume ratio of the internal oil phase, the viscosity of the oil phase, the
type and concentration of surfactant, and agitation rate (shear rate)
[22–24]. It is reported that the size and size distributions of micro-
capsules is affected by the variation in fluid flow around the propeller
and away from that. In the vicinity of the propeller blades, the shear
rate is higher than away from that and many smaller microeddies exist
that leads to the formation of smaller microcapsules in suspension
system [12]. In Fig. 4, similar narrow size distributions are seen for
both healing agent microcapsules. The mean size of epoxy- and mer-
captan-filled microcapsules were measured 21 and 25 μm, respectively.
The encapsulation yield of epoxy and mercaptan with PMMA shell were

determined 68% and 75%, respectively. As explained in experimental
section, the core content of PMMA microcapsule can be measured by
extraction method using methanol as solvent. The core content of
PMMA microcapsules containing epoxy and mercaptan were de-
termined 35% and 33%, respectively.

3.2. Mechanical properties

The influence of microencapsulated epoxy and mercaptan curing
agent on mechanical performance of epoxy matrix is worth being un-
derstood. The tensile properties of self-healing composites were mea-
sured as a function of the healing agent microcapsule concentration.
Fig. 5 represents the typical tensile stress-strain curves of the pure
epoxy matrix and self-healing epoxy composites loaded epoxy- and
mercaptan-filled microcapsules. The ultimate tensile strength of filled
epoxy composites with dual-component microcapsules according to
microcapsule concentration are indicated in Fig. 6a. The reported va-
lues of tensile strength reflect the mean value of five measurements
with the corresponding standard deviation. The tensile strength of the
pure epoxy matrix was measured 58.02MPa. It is observed that the
tensile strength of epoxy composite with incorporation 2.5 wt% of
PMMA microcapsules increases to 59.21MPa and then it decreases to
47.30MPa with further increasing the concentration of PMMA micro-
capsules up to 10wt%. The decreasing trend in tensile strength is in
accordance with results obtained in previous studies about the effect of
healing agent microcapsules on tensile properties of self-healing epoxy
composites [3,15,25]. Yuan et al. reported a continuous trend of re-
duction in the tensile strength of epoxy composites with embedded PMF
microcapsules containing epoxy and mercaptan curing agent [3]. In
addition, Li et al. showed the initially increasing in tensile strength of
self-healing composite containing epoxy- and amine-PMMA micro-
capsules compared to pure epoxy matrix can be due to the increased
toughness by incorporating thermoplastic PMMA shell [15]. The de-
crease of the tensile strength of the self-healing epoxy composites can
be explained in two aspects. On one hand, the microcapsules filled with
healing agents can be treated as defects at the cross-section of compo-
sites. On the other hand, the interface between the microcapsule shell
and the epoxy matrix is the weaker area, which also deteriorate the
properties upon the tensile loading [25].

The Young's modulus of the epoxy composite filled with healing
agent/PMMA microcapsules was measured as the slope of stress–strain
curve at strain below 1%. Fig. 6b represents the trends of the Young's
modulus with respect to the increase of the total concentration of the
epoxy and mercaptan microcapsules at the equal weight ratio. It is clear
that the reduction tendency of Young's modulus was also observed for
epoxy composites with dual-component microcapsules compared to
pure epoxy. The Young's modulus decreases from 2.6 to 1.9 GPa for the
composite by 10wt% compared to the pure epoxy. Yuan et al. also
showed the Young's modulus of epoxy composites decreased by in-
corporation of PMF microcapsules containing epoxy and mercaptan in
epoxy matrix [3]. In the current study, this can be due to the in-
corporating of thermoplastic PMMA shell in the thermoset epoxy ma-
trix, which reduces the Young's modulus of matrix. Also, the weak in-
terfacial adhesion between PMMA shell and epoxy matrix may cause
the microcapsule surface to slip on its position within the matrix that
results in a reduction in the Young's modulus of composite.

Fig. 7 represents ESEM micrographs of the cross-section of tensile
specimens filled with 10wt% of both types of PMMA microcapsules. It
is clear that the PMMA microcapsules breakage and pull-out occurring
in epoxy matrix. The interfacial voids between the epoxy matrix and
PMMA shell of microcapsules are due to pulling-out the microcapsules
from the epoxy matrix during the tensile test. From the ESEM micro-
graphs it is clear that the mean thickness of PMMA shell of micro-
capsules is about 2.5 μm.

Fig. 9. Influence of healing agent microcapsules concentration on fracture
toughness of virgin and healed epoxy composites.

Fig. 10. ESEM micrograph of crack propagation around PMMA microcapsule
before healing.
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3.3. Self-healing performance

The effect of the concentration of PMMA microcapsules in the range
of 2.5–10wt% on the healing efficiency of epoxy composites were
evaluated using fracture test. According to the previous studies on self-
healing composite using epoxy and mercaptan as healing agents, in this
study a constant weight ratio of epoxy and mercaptan microcapsules of
1:1 was used for the preparation of self-healing composites [3,15]. The
healing efficiency using the TDCB geometry was measured with the
same parameters for comparison the virgin and healed samples. The
healing efficiency, , is defined as the ratio of fracture toughness of
healed (KIC

Healed) specimens to that of virgin (KIC
Virgin), as [26]:

K
K

P
P

IC
Healed

IC
Virgin

C
Healed

C
Virgin= =

(2)

Where PC
Healdand PC

Virginare healed peak load and virgin peak load in
the load-displacement curve of fracture tests, respectively. In this in-
vestigation, as several peaks may appear on the load–displacement
curve of healed samples, the average of all the peaks was determined
for the calculation of healing efficiency [27]. Typical

load–displacement curves of the original fracture and healed fracture
for a pure epoxy matrix and epoxy composites containing 2.5 to 10wt%
healing agent microcapsules are given in Fig. 8(a–e). A linear (brittle)
fracture behavior was observed in the initial test of virgin test for all
samples. The pure epoxy specimens does not demonstrate any healing
capability after the second fracture test at room temperature after 24 h.
Fig. 8(b–e) display that the load increased in lower displacement for the
healed samples than the virgin samples. It can be probably due to the
bonding material in healed regions not only heals the cracks but also
provides the healed sites with higher cracking resistance than the virgin
samples [3]. The healed composite also exhibit unstable stick-slip
cracks propagation in their load-displacement curves (Fig. 8(b–e)). This
may be due to the fact that the cured epoxy-mercaptan regions starts to
tear away from the crack plane in crack propagation way, and distinct
healed peaks appear in load-displacement curves [28]. In the other
words, after the healed material debonded, the curve loads up and the
additional energy must have been consumed during fracture [3]. The
slope of load-displacement curves for all samples is gentle after the
healing performance (Fig. 8(b–e)). This can be attributed to the lower
modulus of the healed epoxy resin (EC 157) compared to the epoxy
resin of matrix (Epikote™ 828) [29].

The influence of the healing agent microcapsules on the original
fracture toughness, KIC, was investigated, as explained in Fig. 9. When
the concentration of microcapsules increased to 10wt%, the fracture
toughness increased gradually from 1.8 to 2.0 MPam1/2. The virgin
epoxy composites are tougher than the unfilled epoxy and healed epoxy
composites. The dependence of fracture toughness of healed self-
healing specimens on microcapsule content also follows similar in-
creasing trend in the range of 0–1.6 MPam1/2 from pure epoxy to epoxy
with 10wt% healing agent microcapsules. The toughening effect coin-
cides with the observation in other studies of self-healing composite
containing microcapsules [3,13,27]. It is suggested that the healing
agents not only heals the cracks but also provides the damaged sites
with higher fracture toughness [3]. Toughening of epoxy composites
due to the addition of microcapsule filled with liquid healing agent can
be explained by the crack pinning mechanism. Crack pinning typically
occurs in polymers with well-bonded, high stiffness particles, such as
silica [30]. This mechanism also reported in self-healing composite
containing polymeric microcapsules [31]. It is suggested that the crack
pinning around the broken microcapsules increases the resistance
against the growth of the crack and as a result the fracture toughness
increases. ESEM micrograph from the fracture surface of PMMA mi-
crocapsules embedded in epoxy specimen before healing are shown in
Fig. 10. In this image, the crack pinning mechanism around the broken
PMMA microcapsule is clearly observable.

Fig. 11. Influence of healing agent microcapsules content on healing efficiency
of epoxy composites.

Fig. 12. ESEM micrographs of (a) crack propagation direction in PMMA microcapsules embedded in epoxy matrix, and (b) fracture surface of epoxy filled with dual
PMMA microcapsules after healing (second fracture test).
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As Fig. 8 has indicated the crack healing ability of the healing
agents, the influence of healing agent's concentration on healing effi-
ciency should be known. Fig. 11 shows at a constant weight ratio of
epoxy and hardener microcapsules of 1:1, the healing efficiency of
epoxy composites increased markedly with an increase in micro-
capsules content from 2.5 to 10wt%. The maximum healing efficiency
has been obtained 80.14% with the 10wt% of healing gent micro-
capsules. Clearly, the healing effect is related to the quantity of the
healing agents released by the broken microcapsules on the fracture
surface. This rapid increase in the healing efficiency results from the
enough released epoxy and hardener to fill the microcrack space [32].
The dual-component microcapsules embedded in epoxy system pro-
vided enough epoxy and mercaptan for curing and for promoting the
bonding of the new thermoset epoxy to the original matrix interface. It
is worth noting that healing ability of a self-healing epoxy composite is
determined by the reaction between the healing agents. In this work,
the epoxy-mercaptan pair would hardly react together without proper
catalysis. The catalyst reaction of epoxy–mercaptan using a tertiary
amine catalyst can be considered as addition polymerization me-
chanism [3].

Fig. 12a indicates the crack propagation direction through the mi-
crocapsules embedded in epoxy matrix. During the crack propagation,
PMMA shell of microcapsule ruptures and healing agents are released
into fracture surface of matrix to heal the microcrack. Fig. 12b shows
the ESEM micrograph of fracture surface of the epoxy composite with
10 wt% PMMA microcapsules after healing performance. The epoxy-
and mercaptan-filled microcapsules were homogeneously dispersed in
the epoxy matrix. It is clearly observed that the PMMA shell of mi-
crocapsules has good interfacial adhesion with epoxy matrix. Also, it
seems that PMMA shell of microcapsules has good compatibility with
epoxy matrix [4,15]. In Fig. 12b, the fracture surface of composite after
healing has a more textured appearance with the incorporation of the
healing agent microcapsules. In previous studies, it is suggested that
during the fracture occurs more surfaces created in the regions of
composite containing microcapsules, which indicates a greater amount

of energy absorption and dissipation before the failure [15].

3.4. Curing reaction studies

The reactivity of self-healing agents can be evaluated by DSC
measurements from healing agent mixture and self-healing epoxy
composites (Fig. 13). The DSC thermogram in Fig. 13a indicates that
even the temperature rise, no reaction occurs in the absence of catalyst
in the mixture of epoxy (EC 157) and mercaptan (PETMP). For the
mixture of epoxy (EC 157)/mercaptan (PETMP)/BDMA (catalyst) an
obvious exothermic reaction peak at 53 °C with onset temperature
around 43 °C is detected. It should be noted that the curing reaction
between epoxy and its hardener (curing agent) is exothermic in general.
In Fig. 13 (c), the flat and smooth curve with increasing temperature
shows that the curing behavior of the epoxy matrix with no self-healing
agent microcapsules remained almost unchanged [11,33]. The DSC
thermograms of the epoxy composites with different contents of healing
agent microcapsules at 1:1 (epoxy/mercaptan) weight ratios are pre-
sented in Fig. 13(d–g). The epoxy composite samples for DSC mea-
surements were prepared from the crack planes of TDCB samples when
the specimens were loaded and tested to failure. All the healing agent
microcapsules embedded in epoxy matrix exhibited the similar obvious
exothermic peaks centered at about 53 °C due to the exothermic curing
reaction between released healing agents (EC 157/PETMP/BDMA) from
broken PMMA microcapsules. The increasing of contents of healing
agent microcapsules in the epoxy matrix leads to increase the released
epoxy and mercaptan/BDMA from broken microcapsules and increase
the exothermic peak intensity [15].

4. Conclusions

Microencapsulation of low viscosity epoxy and mercaptan curing
agents using PMMA as capsule shell were separately accomplished by
internal phase separation method. Chemical and morphological studies
of both healing agent microcapsules indicated that PMMA could be
used to encapsulation of epoxy and mercaptan without any chemical
reactions with core materials. The mean size of epoxy- and mercaptan-
filled microcapsules were measured as 21 and 25 μm, respectively. Self-
healing epoxy composites were successfully prepared via the in-
corporation of 2.5–10wt% of dual-component microcapsules. It was
observed that the tensile strength of pure epoxy decreased from 58MPa
to 47MPa with increasing the concentration of PMMA microcapsules
up to 10wt%. It can be due to the PMMA microcapsules filled with
healing agents treat as defects at the cross-section of epoxy composites.
The reduction tendency of Young's modulus was also observed for
epoxy composites compared to pure epoxy. It can be attributed to the
incorporating of thermoplastic PMMA shell in thermoset epoxy matrix
and weak interfacial adhesion between PMMA shell and epoxy matrix.
The fracture test of virgin and healed TDCB specimens indicated the
fracture toughness increases with increase of the concentration of
PMMA microcapsules up to 10wt%. It is suggested that the toughening
of epoxy composites is due to crack pinning around the broken mi-
crocapsules and increasing the resistance against the growth of the
crack. The healing efficiency of epoxy composites increased with in-
crease in PMMA microcapsules content from 2.5 to 10wt%. The max-
imum healing efficiency of 80% has been obtained with the 10wt% of
healing gent microcapsules at room temperature after 24 h. DSC results
showed that spontaneously curing reaction between healing agents
(epoxy and mercaptan) provides self-healing reaction at room tem-
perature. Hence, the healing agent microcapsules prepared in this work
can be potentially used in epoxy-based self-healing composites.

Fig. 13. DCS curves for (a) epoxy (EC 157)/mercaptan (PETMP), (b) epoxy/
mercaptan (PETMP)/BDMA, (c) epoxy matrix, (d) epoxy with 2.5 wt% micro-
capsules, (e) epoxy with 5wt% microcapsules, (f) epoxy with 7.5 wt% micro-
capsules, and (g) epoxy with 10 wt% microcapsules.
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