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a b s t r a c t
Full recovery of interfacial bond strength after complete ﬁber/matrix debonding is achieved with a microencapsulated solvent-based healing chemistry. The surface of a glass ﬁber is functionalized with microcapsules containing varying concentrations of reactive epoxy resin and ethyl phenylacetate (EPA) solvent.
Microbond specimens consisting of a single ﬁber and a microdroplet of epoxy are tested, and the interfacial shear strengths (IFSSs) during the initial (virgin) debonding and subsequent healing events are
measured. Debonding of the ﬁber/matrix interface ruptures the capsules, releasing resin and solvent into
the crack plane. The solvent swells the matrix, initiating transport of residual amine functionality for further curing with the epoxy resin delivered to the crack plane. Using a resin-solvent ratio of 3:97, we
achieve a maximum of 100% IFSS recovery–a signiﬁcant enhancement over prior work that reported
44% average recovery of IFSS with microencapsulated dicyclopentadiene (DCPD) monomer and Grubbs’
1st Generation catalyst healing agents. The effects of capsule coverage, resin-solvent ratio, and capsule
size on recovery of IFSS are also determined, providing guidelines for integration of this healing system
into high ﬁber volume fraction structural composites. High healing efﬁciencies were achieved with capsules as small as 0.6 lm average diameter.
Ó 2013 Elsevier Ltd. All rights reserved.

1. Introduction
Fiber-reinforced composites are susceptible to complex damage
modes that span multiple length scales and include ﬁber debonding, ﬁber pull-out, interlaminar matrix cracking, delamination,
and matrix deformation [1]. In nature, biological composites respond to damage through sophisticated, autonomic healing and
regenerative mechanisms. Self-healing response in both bulk polymers and ﬁber-reinforced composites has been achieved through a
range of approaches [2], including embedding healing-agent-ﬁlled
microcapsules [3–24] or hollow ﬁbers [25–27], incorporating pervasive vascular networks [28–34], or by exploiting intrinsic selfhealing mechanisms in the polymer architecture [35–40]. For
microcapsule-based techniques, mechanical damage triggers autonomic delivery of healing agents to the crack plane, which then
polymerize upon mixing. White et al. [3] ﬁrst demonstrated a capsule-catalyst healing chemistry in which an encapsulated monomer
(DCPD) reacts with an embedded catalyst (Grubbs 1st Generation)
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to form poly (DCPD) upon ring-opening-metathesis-polymerization
(ROMP). Other successful self-healing systems include dual capsules for two-part reactions [15–19], a combination of phase separation and encapsulation to isolate components [20,21], or speciﬁc
to this work, utilizing latent functionality in the matrix to react with
a healing agent delivered from a single capsule [22–24].
Fiber/matrix debonding in advanced composites has recently
become a focus of self-healing research [7,13,40]. Debonding of
the matrix from the reinforcement in composite materials prevents
efﬁcient load transfer and causes a signiﬁcant loss in stiffness and
strength [1]. Damage that initiates at the ﬁber/matrix interface can
coalesce to form larger scale damage in the composite, particularly
for the case of fatigue loading. In prior work, capsule-based strategies were used to heal microcracking and delamination damage in
woven ﬁber-reinforced composites [5,11,12,41]. The microcapsules
in these studies were relatively large (20–100 lm diameter) in order to deliver sufﬁcient healing agent to ﬁll the damage volume.
Since the crack separation associated with ﬁber/matrix interfacial
debonding is minimal, capsule size and the amount of healing
agent delivered can be signiﬁcantly reduced. Furthermore, the
integration of smaller capsules at the ﬁber/matrix interface sequesters the healing agent speciﬁcally at the location of damage.
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Multiple methods exist to characterize the interfacial bond between the ﬁber and matrix including: single ﬁber microbond and
pull out [42,43], fragmentation [44–48], or pushout tests [49–
53]. Recently, Blaiszik et al. [13] demonstrated a 44% recovery of
interfacial shear strength (IFSS) in a single ﬁber microbond testing
method. Standard glass ﬁbers were functionalized with ca. 1.5 lm
capsules containing DCPD monomer [9] and Grubbs’ 1st Generation catalyst. Upon debonding of the interface, the DCPD capsules
rupture, releasing the monomer to the ﬁber surface where exposure to the catalyst initiated polymerization of the healing agent
and repair of the ﬁber/matrix bond. Peterson et al. [40] also demonstrated a successful remendable approach to heal interfacial
damage. Maliemide-functionalized single glass ﬁbers in a furanfunctionalized epoxy were able to recover an average of 41% recovery after heat treatment.
In this paper, we adopt a single capsule, solvent-based healing
chemistry to heal interfacial damage. This healing chemistry was
originally developed for self-healing of bulk polymers by Caruso
et al. [22]. Ethyl phenylacetate (EPA) solvent and a reactive resin
(EPON 862) are co-encapsulated for simultaneous delivery to the
crack plane. We successfully achieve resin-solvent ﬁlled capsules
less than 1 lm in diameter and functionalize them directly on a
glass ﬁber surface. After rupture, the solvent swells the matrix
and increases the probability that residual reactive amines will
polymerize the epoxy healing agent in the crack plane. The effects
of capsule coverage, resin-solvent ratio, and capsule size on healing
efﬁciency are explored.

2. Materials and methods
2.1. Microcapsule method: materials and characterization
Two types of microcapsules containing EPON 862 (diglycidyl
ether of bisphenol-F) dissolved in ethyl phenylacetate (EPA) solvent were prepared by in situ polymerization of urea and formaldehyde (UF) using a modiﬁed process of Blaiszik et al. [9],
summarized in Table 1. Modiﬁcations were made to reduce polydispersity and minimize excess surfactant. For both capsule types,
the resin-solvent solution was slowly added to a 30 mL aqueous
solution of approximately 1.25% ethylene maleic anhydride
copolymer (ZeMac 400 EMA), urea, resorcinol and ammonium
chloride and allowed to equilibrate for 10 min before sonication.
For Type 1 capsules, the resin-solvent ratio of the core was varied
from 0 to 50 percent. For Type 2 capsules, hexadecane was co-dissolved in the resin-solvent core to increase hydrophobicity and decrease Ostwald ripening [9]. A 3.2 mm tapered tip of a 750 W
Ultrasonic Homogenizer (Cole–Parmer) was placed in the solution
for 2 min at 40% intensity with a 0.2 s pulsing parameter under
continuous agitation at 800 rpm. Formalin was then added to the
encapsulation. The temperature control bath was slowly heated
to 55 °C and held constant for 4 h. After the reaction was complete,
the capsules were centrifuged and rinsed three times to remove
excess surfactant.

Microcapsule size distributions were obtained via SEM (FEI/
Phillips XL30 ESEM-FEG). All size distributions were determined
from a minimum of 200 measurements from multiple images.
Thermal stability and overall capsule quality was assessed by thermogravimetric analysis (TGA) in a nitrogen atmosphere at a heating rate of 10 °C/min (Mettler Toledo TGA/DSC 1). Capsules were
lyophilized for 3 days before thermal testing.
2.2. Interfacial functionalization
E-glass ﬁbers with a proprietary epoxy-compatible sizing were
obtained from Owens Corning (Type 158B-AA-675). The glass ﬁbers had an ultimate tensile strength of 2.0 ± 0.15 GPa and an
average diameter of 14.5 ± 0.8 lm [13]. Self-healing (SH) functionalized ﬁbers were coated with resin-solvent microcapsules using a
dip-coat technique. A single E-glass ﬁber was isolated from the tow
and dipped once in an aqueous suspension of resin-solvent capsules of known concentration. The capsule coverage, n, is deﬁned
as the surface area of capsules on the surface of the ﬁber divided
by the surface area of the ﬁber, or

n

Npr 2cap
;
pdle

ð1Þ

where N is the number of capsules present on the surface of the ﬁber, r cap is the radius of the capsule, d is the diameter of the ﬁber,
and le is the embedded length of the ﬁber in the microbond specimen. Capsule coverage, n, was measured by image analysis of
SEM micrographs. Representative SEM images of ﬁbers with varying
capsule coverage are shown in Fig. 1. Single ﬁbers were functionalized with several different types of capsules that varied in both
diameter and resin-solvent ratio (Table 2).
2.3. Microbond specimen preparation
Microbond specimens consisted of a single glass ﬁber embedded in an epoxy droplet as shown in Fig. 2. A micropipette was
used to apply a bead (180–230 lm in length) of epoxy to either
plain (as-received) or functionalized ﬁbers. EPON 828 (diglycidyl
ether of bisphenol-A) resin and EPIKURE DETA (diethylenetriamine), an aerospace grade epoxy with high bond strength, was
mixed at 12 pph DETA:EPON 828, degassed and allowed to react
at room temperature for 2 h before being applied to the ﬁbers.

Table 1
Parameters for resin-solvent ﬁlled capsule types.
Components

Type 1

Type 2

Aqueous phase
Urea
NH4Cl
Resorcinol
Formalin
Core
Co-stabilizer

15 mL H2O, 15 mL 2.5% EMA
0.45 g
0.1 g
0.045 g
1.2 g
5 mL resin-solvent
None

15 mL H2O, 15 mL 2.5% EMA
0.45 g
0.1 g
0.045 g
1.2 g
4.5 mL resin-solvent
2.5 wt.% hexadecane

Fig. 1. SEM micrographs of glass ﬁbers (sample type SH1-97) with varying capsule
coverage (n).
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Table 2
Interfacial strengths and healing efﬁciencies for different specimen types.
Sample type

Core content (862: EPA)

Capsule dia. (lm)

Virgin IFSS (MPa)

Healing efﬁciency, g

Capsule coverage, n

No. of Samples, n

SH1-100
SH1-97

0:100
3:97

3.7 ± 1.1
2.1 ± 0.7

SH1-90

10:90

1.7 ± 0.8

SH1-80

20:80

1.3 ± 0.5

SH1-70

30:70

1.2 ± 0.5

SH1-50

50:50

1.4 ± 0.6

SH2-70

30:70

0.6 ± 0.3

SH-DCPDa

–

Control

–

26 ± 1.9
33 ± 1.7
29 ± 3.7
28 ± 1.7
23 ± 1.7
27 ± 1.5
30 ± 1.6
25 ± 2.6
27 ± 2.5
33 ± 3.1
28 ± 3.0
32 ± 2.4
31 ± 1.6
32 ± 3.0
27 ± 3.1
23 ± 1.3
27 ± 4.3
26 ± 2.1
21 ± 2.5
32 ± 3.6

0.72 ± 0.06
0.46 ± 0.07
0.63 ± 0.08
0.70 ± 0.06
0.86 ± 0.07
0.66 ± 0.07
0.58 ± 0.09
0.76 ± 0.09
0.63 ± 0.10
0.53 ± 0.08
0.71 ± 0.09
0.62 ± 0.05
0.51 ± 0.08
0.34 ± 0.05
0.50 ± 0.05
0.60 ± 0.08
0.29 ± 0.06
0.36 ± 0.06
0.44 ± 0.05
0.24 ± 0.04

0.5
0.3
0.4
0.5
0.7
0.5
0.3
0.5
0.3
0.5
0.3
0.5
0.3
0.4
0.5
0.7
0.1
0.4
0.7
–

8
14
8
13
16
9
8
8
16
9
11
4
9
12
10
11
11
14
18
9

1.6 ± 0.5

–

a

The capsule coverages were adapted from Blaiszik et al. [13] for comparison to the present work. Also, a different matrix was used in the prior work which resulted in
lower virgin IFSS values.

(a)

(b)

Pmax

(c)

Knife
Edges

Epoxy
Microbond

Glass Fiber

le

100 µm

100 µm

Fig. 2. (a) Schematic of microbond test, (b) optical micrograph of a control and (c) self-healing microbond specimen.

The specimens were cured at room temperature for 24 h and then
24 h at 35 °C.
2.4. Microbond test method
After curing, optical images (Fig. 2) were obtained before testing in order to measure the embedded length ðle Þ of each specimen. The samples were tested with a custom-built load frame
and imaged simultaneously through a zoom lens to observe
interfacial debonding. Samples were loaded in displacement
control using a linear actuator (Physik Instrumente) translating
at a rate of 0.5 lm/s and controlled through LabView (National
Instruments, v10.0). Load was measured with a 150 g load cell
(Honeywell Sensotec). Samples were loaded to the maximum
force ðPmax Þ needed to cause full interfacial debond. After
debond, the force dropped quickly and then slowly increased
to a frictional plateau value ðPfriction Þ. The sample was then
removed from the load frame and allowed to heal for 24 h at
room temperature.
The IFSS (s) was calculated from the peak applied force ðPmax Þ,
the ﬁber diameter (d), and the embedded length ðle Þ,

s¼

Pmax

pdle

:

ð2Þ

The healing efﬁciency (g) was deﬁned as the ratio of the recovered interfacial shear strength to the original value,

g¼

shealed Pmax;healed
¼
:
sv irgin Pmax;v irgin

ð3Þ

In some specimens, Nile Red dye (Sigma–Aldrich) was added to
microcapsules (0.03 wt.% of resin-solvent core) with a resin-solvent ratio of 3:97 to visualize healing agent delivery in situ. Microbond specimens containing the dyed capsules were imaged both
before and after interfacial debond on a confocal microscope (Leica
SP2).

3. Microcapsule characterization
Representative SEM images of the two types of resin-solvent
microcapsules prepared according to Table 1 are shown in Fig. 3
along with corresponding size distributions. Type 1 microcapsules
ranged in size from 1.2–3.7 lm in average diameter depending on
the ratio of resin to solvent in the core as summarized in Table 2.
The average diameter decreased from 3.7 lm for the case of no resin (SH1-100) to approximately 1.2 lm for a resin-solvent ratio of
30:70 (SH1-70). We attribute this decrease in capsule size to the
extension of emulsion droplet lifetime provided by the increased
viscosity of the resin compared to EPA. The signiﬁcant decrease
in diameter (0.6 ± 0.3 lm) achieved for Type 2 microcapsules
(SH2-70) is due to the addition of hexadecane, an ultrahydrophobe,
which provided further chemical stabilization to the emulsion
(Fig. 3b).
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(a)

Data
Fit
Avg. Diameter

2 µm

(b)

Data
Fit
Avg. Diameter

2 µm

Fig. 3. Typical size distribution and corresponding SEM image for (a) Type 1 capsules with an average diameter of 2.1 ± 0.7 lm (used in SH1-97 samples) and (b) Type 2
capsules with an average diameter of 0.6 ± 0.3 lm (used in SH2-70 samples).

Microcapsule quality was also evaluated by thermal stability
testing. Representative TGA traces, presented in Fig. 4, show excellent stability with no signiﬁcant mass loss before reaching the boiling point of EPA (ca. 225 °C). The precipitous loss of mass at ca.
225 °C corresponds to the mass of EPA encapsulated. The second
region of mass loss initiating at ca. 350 °C is associated with the
mass of encapsulated EPON 862 and hexadecane (if present). The
residual mass corresponds to shell wall material.
4. Recovery of interfacial shear strength
Self-healing of the ﬁber/matrix interfacial bond was assessed by
repeated testing of microbond specimens. A variety of samples
100

SH1-97 Capsules
SH1-70 Capsules
SH2-70-Capsules

90

Weight Percent

80
70
60
50
40
30

were tested with different types of microcapsules functionalized
on the glass ﬁbers. A summary of the different sample types, IFSS
values, and healing performances is provided in Table 2. Results
from Blaiszik et al. [13], which use a DCPD/Grubbs’ 1st Generation
catalyst healing chemistry and a slightly different matrix of 40 pph
EPIKURE 3274:EPON 828, are also included for comparison. A representative load–displacement curve is shown in Fig. 5a for a selfhealing specimen (SH1-97). The sample is loaded to 320 mN ðPmax Þ,
before full interfacial debonding, and then quickly reaches the frictional plateau of 70 mN ðP friction Þ. After 24 h, the sample is re-tested
and full recovery of IFSS is achieved for this particular resin-solvent
ratio of 3:97. This healing chemistry resulted in the highest healing
efﬁciency of those considered in Table 2. Interestingly, Caruso et al.
[22] also found maximum healing at this ratio in bulk polymers.
The control specimens, consisting of a plain glass ﬁber embedded
in the same epoxy matrix, only recovered the frictional force
(g = 0.24) 24 h after initial testing (Fig. 5b).
In select specimens, the healed region was visualized using confocal ﬂuorescence microscopy. Initially, the capsules were intact
with distinct shell walls (Fig. 6a). After loading, a large percentage
of the capsules were ruptured and the healing agent was wicked
into the crack plane forming regions of healed interface (Fig. 6b).
The healed material was not evenly distributed along the ﬁber/matrix interface, implying healing agent delivery could be further
optimized with the goal of reducing the required amount of capsules for maximum healing performance.

20

4.1. Effect of capsule coverage

10
0

0

100

200

300

400

500

600

Temperature (oC)
Fig. 4. Representative TGA traces of microcapsules.

Four different capsule coverages were investigated (n = 0.3, 0.4,
0.5, 0.7) for the resin-solvent ratio of 3:97 (sample type SH1-97).
The effect of capsule coverage on healing efﬁciency is summarized
in Fig. 7 and compared to previous results for the DCPD/Grubbs’
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(a)

5

(b)

Fig. 5. Representative load–displacement curves for microbond testing of (a) self-healing (SH1-97) specimen with 100% recovery of IFSS and (b) control specimen, which only
recovers frictional force.

(a)

20 µm

(b)
20 µm
Fig. 6. Confocal ﬂuorescent microscope images of microbond specimens (SH1-97) and a capsule coverage, n = 0.5: (a) prior to testing and (b) after full debonding.

1st Generation catalyst healing chemistry [13]. Higher capsule
coverages resulted in more healing agent delivered to the crack
plane and higher healing efﬁciencies for both healing chemistries.
Similar to prior studies [22], the resin-solvent healing chemistry
produced higher healing efﬁciencies than the DCPD/Grubbs’ healing
chemistry. The increase in healing performance is attributed to
improved bonding of an epoxy-based healed ﬁlm to both the epoxy
matrix and glass ﬁber reinforcement. Additionally, the sensitivity
of the Grubbs’ catalyst to processing conditions limited healing
performance unless additional protection schemes were employed.

The effect of interfacial functionalization on healing performance and virgin IFSS is reported in Table 2. At low concentrations,
the addition of microcapsules led to modest increases of the virgin
IFSS. However, further increases in capsule coverage (n = 0.5,
g = 0.7) caused a small reduction in IFSS due to less available surface area for the matrix to bond to the ﬁber. At the highest capsule
coverage (n = 0.7), there was a more signiﬁcant loss of IFSS, but
healing performance was maximized. Interestingly, the IFSS values
for submicron Type 2 capsules (SH2-70, capsule diameter ca.
0.6 lm) were similar to those for the larger capsules (SH1-97, capsule diameter ca. 2 lm), indicating the effect of the two microcapsule sizes on IFSS is the same.
4.2. Effect of resin-solvent ratio and capsule size
Microcapsules were prepared over a range of resin-solvent ratios as listed in Table 2. Microbond specimens functionalized with
these capsules were tested and healing efﬁciency was calculated as
a function of the volume of resin (EPON 862) delivered to the crack
plane (Fig. 8). The volume (V) delivered was calculated from

V¼

Fig. 7. Healing efﬁciency as a function of capsule coverage for capsules containing
3:97 resin-solvent ratio (SH1-97) and SH-DCPD adapted from Blaiszik et al. [13].

4
prcap ndle /;
3

ð4Þ

where r cap is the radius of the capsule, n is the capsule coverage, d is
the diameter of the ﬁber, le is the embedded length of the ﬁber, and
/ is the percentage of resin encapsulated. Eq. 4 assumes that all capsules rupture and as such represents a theoretical upper limit. For
samples made with Type 1 capsules, we found a critical volume of
resin (ca. 200 lm3) was necessary for high healing efﬁciencies.
Healing efﬁciency was maximum at 300 lm3 using SH1-97 capsules
with n = 0.7. Increasing the volume of resin delivered did not further
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Fig. 8. The performance of Type 2 submicron capsules is highlighted in comparison
to Type 1 capsules.

increase healing efﬁciency. A similar effect was noted by Caruso
et al. [22] for bulk epoxy in which it was hypothesized that an excess of resin in the crack plane leads to incomplete cure by residual
amines in the matrix.
For healing experiments with smaller Type 2 capsules, a resinsolvent ratio of 30:70 was selected in order to increase the volume
of resin delivered to the crack plane. Due to the reduction in capsule diameter, and therefore healing agent delivered, a higher percentage of encapsulated resin is necessary in order to reach the
critical volume of resin indicated in Fig. 8. Microbond specimens
functionalized with Type 2 capsules were tested and the average
healing efﬁciencies recorded. The results are plotted with the values obtained from larger Type 1 capsules in Fig. 8. A maximum of
83% healing efﬁciency was obtained using 0.6 lm submicron capsules for select samples at a capsule coverage of n = 0.7. In general
for Type 2 capsules, a greater volume of EPON 862 is required to
attain high healing efﬁciencies (Fig. 8). The observed decrease in
performance, when compared to the larger capsules, is likely due
to residual hexadecane in the crack plane and a lower core to shell
ratio for similar capsule coverages.
5. Conclusions
Nearly full recovery of interfacial shear strength for a glass/
epoxy composite was achieved with a single capsule, resin-solvent
self-healing chemistry. With increasing capsule coverage, higher
healing efﬁciencies were achieved with only a small decrease in
the IFSS. The effect of the resin-solvent ratio was also examined
with respect to the volume of EPON 862 delivered. A critical volume of EPON 862 resin (ca. 300 lm3) was required for maximum
recovery of IFSS. Above this critical volume, however, the healing
efﬁciency did not increase further. This critical volume of resin
was used to prepare submicron capsules (0.6 lm diameter) using
a resin-solvent ratio of 30:70, in which a maximum of 83% recovery
of IFSS was achieved. In future studies, we envision these key
parameters will enable application of this healing approach to
other ﬁber/epoxy systems.
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