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ABSTRACT: A self-healing material was developed on the basis of a biological system. The self-healing epoxy resin, which incorporated

microcapsules filled with ethyl phenylacetate (EPA), was investigated. The microcapsules were prepared by an in situ polymerization

method. The microcapsule-formation process was monitored by optical microscopy, and the surface morphology was observed by

scanning electron microscopy (SEM). The self-healing performance of the epoxy resin was assessed by manual and in situ healing

experiments. We investigated the effects of the healing time, amount of EPA, and degree of curing of matrix on the healing perform-

ance by manually injecting EPA into the crack plane. The maximum healing efficiency was obtained within 24 h. The swelling curve

was overlaid onto the healed load plot; this indicated that crack healing was achieved as a result of solvent diffusion. The healing

load reached the maximum value when the amount of EPA was 0.5 lL and was capable of filling the crack volume. Moreover, the

healing performance was related to the degree of swelling. The in situ healing efficiency was dependent on the microcapsule concen-

tration. The fracture toughness could be fully restored when the microcapsule concentration was 10%. Finally, the crack interface was

analyzed with SEM. The results show that the fracture line was difficult to detect, and this suggested complete crack healing by EPA.
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INTRODUCTION

Polymers have been widely used in the aerospace, automotive,

and ship industries because of their high specific strength, high

stiffness, high modulus, and corrosion resistance.1–3 However,

polymers are susceptible to exterior and interior damage, partic-

ularly microcracks deep in the structure, during manufacturing

and use. If this damage is not repaired, the presence of micro-

cracks causes a decline in the overall performance of the struc-

ture, and the propagation of microcracks can lead to

catastrophic failure. However, conventional nondestructive test-

ing technologies, such as ultrasound, IR thermography, and

X-ray tomography, have difficulty detecting microcracks. There-

fore, the detection and repair of microcracks are very

important.

Inspired by the self-healing system of organisms, scientists have

proposed the concept of self-healing materials that can detect

damage and heal it automatically.4–8 Research on microcapsule

self-healing materials has become a hot spot in recent years

because of these materials’ matured manufacturing, small influ-

ence on matrix properties, and great application potential.5,9–11

The repair process is triggered by the rupture of microcapsules

when a crack propagates through the matrix; this is followed by

release of the healing agent into the crack plane. The healing

agent then mixes with the catalyst and bonds the crack through

polymerization. Several materials can be used as healing agents

on the basis of their different healing chemistries; these include

dicyclopentadiene,12–16 vinyl terminated poly(dimethyl siloxane)

resin,17,18 epoxy resins,19–24 and solvents.25–29 Compared with

other healing systems, the solvent-promoted self-healing system

is a simple, one-component, less expensive, and highly efficient

system because of the absence of catalysts. Although crack heal-

ing in thermoplastics has been investigated primarily because of

the diffusion of chains across the interface,30–32 the healing

mechanism of a thermoset based on a solvent remains unclear.

The results have shown that solvent-based systems rely on

matrix swelling; this allows intimate contact between the crack

and the remainder of the material and promotes the reaction of

residual functionalities induced by the solvent.28 The healing

performance in terms of the healing time, amount, and degree

of curing is relative to the swelling process. However, limited

investigation on the healing performance on the basis of the

swelling mechanism has been performed. Systematic informa-

tion on the influence of such factors on the healing efficiency
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can facilitate the optimization of the formulation and design for

the further practical application of solvent-promoted systems;

thereby, deep investigation is needed.

In this study, the solvent ethyl phenylacetate (EPA) was selected as

a healing agent, and microcapsules were prepared by an in situ

polymerization method. The microcapsule-formation process and

surface morphology were examined. The self-healing materials

were prepared by the incorporation of a microcapsule of EPA into

the matrix (epoxy resin). The effects of the healing time, amount,

and degree of curing of the matrix on the healing efficiency were

investigated through manual healing experiments. The relationship

between the swelling and healing efficiency was demonstrated.

Furthermore, the in situ self-healing efficiency was investigated.

EXPERIMENTAL

Materials

The microcapsule wall-forming materials urea and ammonium

chloride were purchased from Tianjin Fengchuan Chemical

Reagent Technologies Co., Ltd. (China). Formalin (37% formal-

dehyde in water) solution and resorcinol were purchased from

Xilong Chemical Co., Ltd. (China). The ethylene–maleic anhy-

dride (EMA) copolymer surfactant was purchased from Sigma–

Aldrich. Distilled water was used to prepare the aqueous solu-

tions. A 10% NaOH solution was used to adjust the pH. The

epoxy resin, WSR618 (its properties are the same as those of

Epon 828), was purchased from Nantong Xingchen Synthetic

Material Co., Ltd. (China). The hardening agent, diethylenetria-

mine (DETA), was obtained from Xilong Chemical Co., Ltd.

(China). EPA (99%), the healing agent, was purchased from

Aladdin. All chemicals were used without further purification.

Figure 1 shows the chemical structures of WSR618 and DETA.

Preparation of the Microcapsules

The microcapsules were synthesized with an in situ polymeriza-

tion procedure with slight modifications.33 Exactly 1.25 g of

EMA was dissolved in 50 mL of deionized water in a warm bath

to obtain a 2.5% aqueous surfactant solution. The wall-forming

materials of the microcapsule (5 g of urea, 0.5 g of ammonium

chloride, and 0.5 g of resorcinol) were placed in a 500-mL

beaker at room temperature, and then, 200 mL of deionized

water and the previous surfactant solution were added. The pH

was adjusted from approximately 2.6 to 3.5 by the addition of

an NaOH solution, and then, 90 mL of EPA was added to the

solution to form an oil–water emulsion, which was agitated

with an emulsification isotropic machine. Subsequently, the

beaker was suspended in a temperature-controlled water bath

and agitated with a digital mixer (IKA RW20, Eurostar). Finally,

12.67 g of formaldehyde solution was added to the mixing solu-

tion, and the obtained solution was heated to 558C at a rate of

18C/min. After 4 h of continuous heating, the microcapsules

were rinsed with deionized water, immediately separated with a

filter, and then air-dried for several days.

During the microencapsulation process, drops of reaction solu-

tion were dripped onto glass slides at specified intervals, and

the wall-forming process was observed by optical microscopy

(DP12, OLYMPUS). The surface morphology was examined by

scanning electron microscopy (SEM; QUANTA200, FEI) at low-

vacuum mode. The dried microcapsules were mounted on con-

ductive carbon tape and then sputtered with a thin layer of

gold-palladium to prevent charging under the electron beam.

Taper Double-Cantilever Beam (TDCB) Specimen Preparation

With the protocol established by White et al.,9 the healing per-

formance of EPA was assessed by fracture toughness analysis of

the TDCB epoxy resin specimens. After complete fracture, the

fracture planes had to be realigned and allowed to be in close

contact to realize the healing process with the assistance of a

clamp. To eliminate the errors of pressure and alignment caused

by the clamp, a modified TDCB specimen was designed to pre-

vent the fracturing of the specimen into two parts. A hole was

introduced as a crack block on the propagation pathway of the

crack, as shown in Figure 2. The hole was located 25 mm away

from the starter notch; thus, a 25-mm crack had to be healed.

Two types of healing experiments were conducted: manual heal-

ing and in situ healing experiments. For the manual healing

experiment, the specimens were prepared at with a 100:12 parts

per hundred WSR618/DETA mixture; this ratio corresponded to

the stoichiometric ratio. The epoxy mixtures were degassed,

poured into silicone molds, and underwent the specified curing

conditions (Table I). Except when the influence of the degree of

curing on the healing performance was investigated, the curing

Figure 1. Chemical structure of the epoxy resin and hardening agent used

in this work.

Figure 2. Modified TDCB geometry.

Table I. Curing Conditions

Designation Set

Curing condition 1 RT 3 24 h 1 35 8C 3 24 ha

Curing condition 2 RT 3 24 h 1 40 8C 3 24 h

Curing condition 3 RT 3 24 h 1 40 8C 3 24 h 1 70 8C 3 3 h

aRT represents room temperature (18–22 8C).
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conditions were 24 h at room temperature followed by 24 h at

358C (curing condition 1). For the in situ healing experiment,

the microcapsules filled with EPA were stirred into the epoxy

resin mixture at various concentrations by weight, and the

remaining preparation process was the same as that of the man-

ual healing specimens.

Self-Healing Experiment

The specimens were precracked with a razor blade and then

pin-loaded onto a Bose 3100 frame under displacement control

at a rate of 0.3 mm/min. When the crack propagated the hole,

as indicated by a sudden load decrease in the load–displacement

curve, the specimens were unloaded, and the crack planes were

allowed to be in close contact for healing. The self-healing per-

formance of the epoxy resin was assessed by manual healing

and in situ healing experiments.

Through the manual healing experiment, the factors influencing

the healing efficiency (healing time, solvent amount, and degree

of curing) were investigated; we ignored the delivery efficiency of

the healing agent caused by the microcapsule. After fracture, a

specific amount (from 0.1 to 5 lL) of solvent was injected into

the crack plane with a microsyringe. The specimens were allowed

to heal for a given time at room temperature. Afterward, the

healed TDCB specimens were loaded in a similar manner, and

the load–displacement curve was recorded. In the case of the in

situ healing experiment, the specimen was observed without

manual interruption after the fracture experiment and then

loaded to test the in situ healing efficiency. Each batch included

five specimens so that we could obtain an average value.

Assessment of the Healing Performance

A typical load–displacement curve is shown in Figure 3. The

healing performance was assessed by the peak load, as indicated

by the jump point. The healing efficiency is usually estimated

through a comparison of the virgin and healed fracture tough-

ness, as proposed by White et al.9 The TDCB geometry was cal-

culated as simply the ratio of the peak loads for the healing and

virgin specimens:

g5
KIChealed

KICvirgin

5
PIChealed

PICvirgin

(1)

Where KIChealed and PIChealed is the fracture toughness and peak

load of the healed specimen respectively, KICvirgin and PICvirgin is

the fracture toughness and peak load of the virgin specimen

respectively. The slope of the load–displacement curve was also

used to quantify the healing performance.34 The slope of the

curve decreased suddenly when the crack propagated to the

hole. Because of the healing process, the slope recovered to the

value before the crack propagated to the hole. When the healing

process did not happen, the slope was identical to the slope of

the curve after the crack propagated to the hole.

Swelling Experiment

The swelling experiment was conducted to quantify the degree of

swelling of the epoxy resin immersed in the solvent. The prepara-

tion of the specimen was similar to that of TDCB. The dimen-

sions of the specimen were 16 3 10 3 5 mm3. After they were

removed from the silicone molds, the specimens were weighed by

a Mettler 350 balance and then placed into 100-mL vials contain-

ing the solvent. After they were immersed for 24 h, we took the

specimens out of the solvent, wiped off the excess solvent, and

measured the weight after swelling. The relative mass gain was

defined as the ratio of the gained mass and the initial mass. Each

group of data included seven specimens to yield an average value.

Thermal Analysis

To quantify the effects of the curing conditions on the glass-

transition temperature (Tg) and degree of curing, differential

scanning calorimetry (DSC; TA Q100) was performed on the

fresh and cured epoxy samples. Approximately 10-mg samples

were cured in aluminum pans under different curing condi-

tions. All of the samples were tested with a temperature ramp

from 25 to 2508C at 108C/min. We also measured the total

polymerization heat by placing a freshly mixed resin–hardener

droplet on the aluminum pan and immediately starting the

same temperature ramp used previously. The degree of curing

(a) was determined by the following equation:

a512
Dhres

Dhtotal

(2)

where Dhres is the residual heat evolved during postcuring and

Dhtotal is the total heat of polymerization taken from dynamic scans.

Crack Interface after Healing

To obtain the crack interface, the specimen was cut perpendicu-

lar to the crack direction after the healing process. The interface

was examined with an SEM instrument (QUANTA200, FEI)

after sputter-coating treatment with a gold source.

RESULTS AND DISCUSSION

Microcapsule-Formation Process

To reveal the microcapsule-formation mechanism, the formation

process was monitored for different reaction times, as shown in

Figure 4. Before 45 min, droplets of oil were dispersed stably in

the solution. At 60 min, the aqueous solution became opaque

and cloudy because of the increase in the molecular weight and

decrease in the solubility of the UF (urea-formaldehyde)

Figure 3. Typical load–displacement curve for the virgin, healing, and

nonhealing specimens. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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prepolymer.35 To clarify the image, the solution was diluted by

the addition of deionized water. After 75 min, the image showed

a sharply different surface morphology of microcapsules, and

the smooth surface of the droplets began to show some setae;

this indicated the deposition of the UF prepolymer on the sur-

face of the droplet. The setae on the surface of the droplet

became denser at 90 min because more UF prepolymer was

absorbed on the surface. After 2 h, no obvious changes were

observed, and the microcapsule wall solidified and crosslinked

further.

The microcapsule-formation process could be subdivided into

three stages on the basis of the microcapsule morphology.

Emulsification Stage. In the first stage, emulsification, EPA was

dispersed stably in the solution as a result of the emulsifier

EMA. Because the anhydride moiety and the ethylene unit of

EMA were rather similar in size, they were absorbed on the oil–

water interface. In addition, the surface of the oil droplet

became negatively charged because of the carboxyl group, which

stabilized the emulsion by electrostatic repulsion and steric

repulsion.36

Wall-Formation Stage. Polymerization between urea and form-

aldehyde was initiated in the water phase with the aid of acid to

form a low-molecular-weight prepolymer. The solubility of the

prepolymer decreased and the aqueous solution turned milky

white with increasing molecular size. Because the EMA

molecules had several carboxyl groups, they catalyzed the

polymerization and worked as a reaction site for the polymerization

of urea and formaldehyde.37 Thus, the prepolymer was deposited at

the oil–water interface, and the smooth surface was covered with

spines; this indicated the deposition of the UF polymer.

Wall-Solidification Stage. In third stage, the wall thickness no

longer increased, and the polymerization reaction between urea

and formaldehyde ran further at the oil–water interface to form

a highly crosslinked wall. In addition, the microcapsules were

extremely fragile at the start of the wall-solidification stage.

When the microcapsules were separated from the reaction vessel

after very short periods, they collapsed, even during the drying

process.

Microcapsule Surface Morphology

The microcapsules had a rough outer surface and a smooth,

nonporous inner wall, as shown in Figure 5; this was indicated

by the microcapsule-formation process. The smooth, nonporous

inner surface was believed to be the result of the deposition of

the low-molecular-weight prepolymer at the oil–water inter-

face.36 This would provide it with a long shelf life. A rough sur-

face morphology was formed when the UF nanoparticles were

deposited at the interface. This condition was helpful for

improving the bonding strength between the microcapsule and

the matrix and increased the probability of the reaction ruptur-

ing capsule rather than just pulling out the entire capsule. This

increased healing agent delivery and healing efficiency.

Factors Affecting the Manual Healing Performance

When the crosslinking polymer came into contact with EPA,

the EPA molecules swelled the polymer and allowed intimate

contact between the crack faces. Then, the solvent enhanced the

reaction of the epoxy functionalities with the unreacted

Figure 4. Optical micrographs of the microcapsule-formation process with EMA as an emulsifier at different reaction times.
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hardener functionalities in the swollen matrix region.28 The

healing process revealed that the healing performance was

dependent on the healing time, the amount of healing agent,

and the degree of curing of the matrix. To eliminate the effect

of microcapsule delivery on the healing efficiency, these influ-

encing factors were investigated through manual healing

experiments.

Manual Healing Performance: Effect of the Healing Time

The healing process revealed that the healing rate should have

been correlated to the swelling rate. Therefore, the healing rate

was compared with the swelling rate, which was measured by

immersion in EPA. The healed load of EPA increased over time,

as shown in Figure 6. It was then overlaid on the swelling rate

plot. The amount of healing agent was 0.5 lL, which was suffi-

cient for healing. The healing efficiency had a certain relation-

ship with the solvent diffusion in the matrix. At the start of 6 h,

the growth of the healing load was relatively quicker because of

the faster rate of solvent diffusion. The concentration of the

healing agent was saturated in the crack region after 24 h, so the

solvent no longer spread among the matrix, and the healed load

did not show any increase. Therefore, 24 h was chosen to ensure

sufficient time for healing; the peak load healed for 24 h was

49 N. Because the peak load of the virgin specimen was 54 N,

the manual healing efficiency was 90.4%.

Further examination of the load–displacement curve (Figure 7)

showed more details about the healing process. Stick–slip

behavior was observed during propagation in the healing speci-

men for 1 h; this indicated that the crack stopped propagating

because the solvent diffused into the matrix and plasticized the

crack region.38 With time, the slope of the curve increased and

showed brittle failure because the bond strength became stron-

ger; this was induced by the solvent.

Manual Healing Performance: Effect of the Amount of the

Healing Agent

Figure 8 shows that the self-healing performance depended on

the amount of healing agent injected into the crack plane.

When the amount of healing agent was less than 0.5 lL, the

healed load increased rapidly. The healing load increased slightly

Figure 5. SEM images of the microcapsules containing EPA: surface morphologies of the (a) microcapsules and (b) partial enlargement.

Figure 6. Time dependence of the healed load in comparison with the

swelling rate plot (amount of healing agent 5 0.5 lL).

Figure 7. Load–displacement curves for different healing times. [Color

figure can be viewed in the online issue, which is available at wileyonline-

library.com.]
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when the amount of healing agent was greater than 0.5 lL. The

crack separation in the fractured TDCB specimens was exam-

ined by SEM to determine the amount of required healing

agent, as shown in Figure 9. The average crack separation was

5.84 lm. The crack length and width of the TDCB specimens

was 25 and 2.5 mm, respectively. Thus, the crack volume was

0.365 lL. When the volume released could fill the crack volume,

the healing efficiency reached the maximum value. However,

excessive healing agent no longer increased the healing effi-

ciency. Thus, the amount of healing agent injected into the

crack was 0.5 lL, unless otherwise stated.

Manual Healing Performance: Effect of the Degree of Curing

Three different curing conditions (Table I) were applied to

investigate the effect of the degree of curing on the healing effi-

ciency. Tg and the degree of curing of the sample were deter-

mined by DSC. Figure 10 shows the DSC results of the cured

epoxy samples. With curing condition 1 taken as an example,

an enthalpic relaxation peak, which could be estimated from

the actual Tg, at 638C was observed and then was immediately

followed by an exothermic peak because of the residual heat of

the reaction. The residual heat of the reaction was 71 J/g,

whereas the total heat of polymerization was 264 J/g; therefore,

the degree of curing was 73% according to eq. (2). With

increasing curing time and temperature, Tg and the degree of

curing increased, as listed in Table II. The relationship between

Tg and the degree of curing was consistent with the result of

Francos.39

The relationship between the healed load and degree of curing

is demonstrated in Figure 11(a). Ethanol and acetone were

selected as healing agents because of their different swelling abil-

ities. When the degree of curing was 73% (curing condition 1),

the healing load of EPA was 53 N. However, the healing process

did not take place entirely when the degree of curing was 82%

(curing condition 3). The healing performance of acetone and

ethanol followed similar rules. The healing performance of the

three healing agents appeared to be inversely related to the

degree of curing.

Because the healing efficiency in terms of the healing time and

amount was relative to the swelling process, we expected that

the healing performance in terms of the degree of curing would

also be relative to the swelling. The degree of swelling was

measured to validate this assumption. The swelling ability of

the solvents were all inversely related to the degree of curing (or

Tg), as shown in Figure 11(b). When the degree of curing was

high and the molecular mobility (as indicated by Tg) was low,

the extent of solvent-induced swelling became small. The previ-

ous results show that the healing performance depended on the

Figure 8. Influence of the amount of healing agent on the healing load

(healing time 5 24 h)

Figure 9. SEM images of a crack under autonomic repair.

Figure 10. DSC result for an epoxy resin under different curing condi-

tions. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]

Table II. Tg and Degree of Curing under Different Curing Conditions

Curing condition Tg (8C)
Dhres

(J/g)
Degree of
curing (%)

Control — 264 —

Curing condition 1 63.1 71 73

Curing condition 2 66.8 60 77

Curing condition 3 86.8 47 82
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degree of swelling. The decrease in the healing efficiency when

the degree of curing increased was attributed to the decrease in

the degree of swelling. A low swelling ability led to an incom-

pletely swollen matrix and partly increased the molecular mobil-

ity; thereby, mechanical restoration was partly obtained.

Therefore, the solvent-promoted healing systems had a fatal

flaw, which partially or fully diminished the healing ability

responsible for the swelling mechanism compared with the dicy-

clopentadiene/Grubbs or the epoxy/harder healing system,

which is not sensitive to the degree of curing of the matrix.

When the sample was highly crosslinked, the solvents partially

or fully diminished the healing ability responsible for the swel-

ling mechanism. A comparison of Figures 11(a) and 11(b)

shows that the solvent with a high swelling capacity had a better

healing performance for the same degree of curing. To obtain a

high healing efficiency, solvents with a high swelling capacity

(e.g., acetone) need to be selected as healing agents. The auto-

nomic self-healing material requires that a solvent can be encap-

sulated and that the capsules are embedded in the epoxy

matrix. Unfortunately, acetone is soluble in water; hence, it is

difficult to use in microcapsule preparation. In future research,

we will focus on the selection of solvents with good swelling

abilities than can be simultaneously encapsulated.

Influence of the Microcapsule Concentration on the Healing

Load and Healing Efficiency

To test the in situ healing efficiency, a microcapsule/epoxy resin

composite was prepared by the addition of microcapsules into

the epoxy resin matrix. As illustrated in Figure 12, the addition

of microcapsules showed no obvious influence on the fracture

toughness of the composite materials and thus did not reduce

the fracture toughness of the composite. Nevertheless, the

microcapsule concentration had obvious effects on the healing

load and healing efficiency. With increasing microcapsule con-

centration up to 10%, the healing efficiency increased. However,

the healing efficiency decreased when the concentration was

greater than 10%. When the concentration was 10%, the healing

efficiency could reach about 100%. This result shows that the

fracture toughness of the materials could be fully restored to its

original form under certain conditions. When the concentration

was increased to 15%, the healing efficiency decreased to 81.0%.

This trend was in agreement with the manual healing experi-

ment results and suggested that excessive microcapsules did not

improve the healing efficiency further.

Crack Interface after Healing

To examine the structure of the interfaces bonded by solvent, a

longitudinal cross section of the healing specimen was cut.

When the healing efficiency was low (e.g., the concentration of

microcapsules was 2%), the interfaces were fragile and fractured

into two parts in the process of cutting. Therefore, the crack

interface of the self-healing material filled with 10% microcap-

sules (healing efficiency 5 100%) is displayed in Figure 13.

Before healing, a visible crack was found in the specimen. After

healing, the fracture line in the healed region was hard to

detect; this suggested complete crack healing by the solvent.

After the microcapsules were ruptured when a crack was propa-

gated through the matrix, solvents were released into the surface

Figure 11. Effect of the degree of curing on the healed load and relative gained mass: (a) healed load for an epoxy resin under different curing condi-

tions with ethanol, EPA, and acetone as healing agents and (b) relative gained mass of an epoxy resin under different curing conditions after immersion

in ethanol, EPA, and acetone.

Figure 12. Influence of the microcapsule concentration on the healing

load and healing efficiency. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.4343043430 (7 of 9)

http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


areas; these swelled the crack region and allowed closure of the

crack by the swelling effect. The crack was healed by an increase

in the molecular mobility in the swollen regions and promoted

the reaction of residual functionalities. Surprisingly, this uni-

form structure was different from the healing interface of ther-

moplastics, in which exist a soft, residual final adhesive

layer induced by solvent diffusion,40 because the swelling degree

of the thermoset (epoxy resin) was small compared with

thermoplastics.

CONCLUSIONS

Microcapsules filled with EPA were successfully synthesized by

in situ polymerization. Morphological analysis indicated that

the microcapsule-formation process included emulsification,

wall-formation, and wall-solidification stages. The healing effi-

ciency of the solvents in terms of the healing time, amount, and

degree of curing was related to the swelling process, as con-

firmed by manual healing experiments. The swelling curve was

overlaid on the healing kinetics, and this indicated that crack

healing was achieved as a result of solvent diffusion. The healing

load reached a maximum value when the amount of healing

agent was 0.5 lL, which was capable of filling the crack volume.

Moreover, the healing performance under different curing con-

ditions was related to the degree of swelling. The self-healing

materials were realized by the addition of microcapsules filled

with EPA into the matrix. The self-healing efficiency depended

on the microcapsule concentration. The fracture toughness of

the materials was fully restored to the original value when the

microcapsule concentration was 10%. The fracture line in the

healing interface was difficult to detect, and this suggested com-

plete crack healing by the solvent.

Given that the solvent-promoted crack healing is based on a

swelling mechanism, solvents with a higher diffusion rate and

swelling capacity can heal cracks faster, and they have a higher

healing efficiency for highly crosslinked matrixes. Improvements

in the solvent healing system are necessary for practical applica-

tion. In future research, we will focus on the selection of sol-

vents with good swelling abilities for fast and efficient self-

healing systems.
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