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performance epoxy based on
transesterification reaction†

Lu Lu, ‡ Jian Pan‡§ and Guoqiang Li *

Self-healing thermoset epoxy based on dynamic covalent bond chemistry has been developed in the past

several years, which warrants the creation of recyclable epoxy. However, the existing systems produce

epoxy that has lower strength, stiffness, and glass transition temperature, making them unsuitable for

load-bearing structures. In this study, we developed a new recyclable thermoset epoxy through solid

form recycling. The epoxy has strength, stiffness, and glass transition temperature similar to those found

in conventional thermoset epoxy. The effect of healing temperature, healing time, healing pressure, and

powder size on the healing efficiency was experimentally investigated. It was found that the healing

efficiency is as high as 88.1%, and the epoxy can be recycled more than one time.
1. Introduction

Epoxy thermosets are typically fabricated for high strength
composites or coatings because of their high crosslink density,
low shrinkage, high rigidity, low creep, and good wettability as
well as chemical inertness and solvent resistance.1,2 However,
once small cracks are generated in the epoxymatrix, the damage
will easily propagate due to the brittleness of the thermoset
network. Sometimes, the damage is invisible to the naked eye
and inaccessible such as in the case of laminated composites
under transverse low velocity impact.3,4 Therefore, lightweight
composite structures will greatly benet if the self-healing
ability of epoxy thermosets can be enabled.

Incorporating a microencapsulated healing agent and cata-
lyst within the epoxy is the most common method for con-
structing self-healing thermosets.5–19 Such a self-healing process
is triggered by releasing the healing agent into the crack volume
once the material is damaged. Another strategy is to disperse
the thermoplastic healing agent into the epoxy matrix,20,21which
is more effective with a shape memory epoxy matrix to heal
wide-open cracks.22,23 A recent development in self-healing
thermoset epoxy was realized via introducing dynamic chem-
ical bonds within the epoxy network. The dynamic chemical
bond formation at the crack interface enables self-healing of the
epoxy matrix.24–26 For example, an epoxy network that can
rearrange its topology by exchange reactions without depoly-
merization was designed based on transesterication.24 Later,
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the transesterication reaction was used with or without cata-
lyst for self-healing and -assembling thermoset epoxies and was
systematically studied and compared.25,27 Other self-healing
epoxy systems based on dynamic chemical bonds include
reversible Diels–Alder reaction,1,28,29 reversible C–ON bond
scission in alkoxyamine,30 and thermally activated ester
exchange.31 The self-healing of epoxy coatings can also be ach-
ieved in a similar manner by embedding microcapsules,32–34

nano-containers,35,36 or introducing dynamic chemical bonds
into the epoxy matrix.37

Fiber-reinforced polymer composites are among the mate-
rials with the highest strength-to-weight ratio and are
commonly used as lightweight high-performance structural
materials. Carbon ber-reinforced epoxy resin composites have
been widely used in transportation vehicles, wind turbine
blades, the electronic industry, and sports/entertainment
products.38 Because the cured epoxy resin is insoluble and
infusible, recycling of epoxy resin is a challenge. With the
increased use of thermoset epoxy in various industries, recy-
cling has become an urgent issue. Previously developed recy-
cling methods include mechanical, thermal, and chemical
strategies.38,39 However, most recycling methods are developed
to recover carbon ber. For those that can recycle both ber and
matrix, such as dissolution with a small-molecule solvent, the
epoxy matrix with dynamic covalent bonds has low strength
(tensile strength approximately 2 MPa), low stiffness (modulus
approximately 3 MPa), and low glass transition temperature
(approximately 33 �C), which limit its application in load-
carrying structures.40 Considering the large amount of epoxy
consumed annually in load-bearing structures, it will be of great
economic and environmental signicance to develop a new
epoxy network that has high strength, high stiffness, and high
glass transition temperature, and at the same time, can be
recycled and reused.
J. Mater. Chem. A, 2017, 5, 21505–21513 | 21505
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The self-healing capability of thermoset epoxy with dynamic
covalent bonds warrants recycling. Several recyclable thermoset
epoxies based on dynamic covalent bonds have been developed
in the form of powders.24,41,42 However, they again are exible
networks and not suitable for load-bearing structures. We
previously developed a new self-healing epoxy with shape
memory effect to facilitate crack closure.43 With shape memory
effect, minimal external aid is required during the healing
event. However, there are still limitations associated with the
developed system, which include: (1) the compressive and
tensile strengths of the as-prepared epoxy are relatively low at
both room and elevated temperatures as compared to conven-
tional epoxy systems, which still limits their use as structural
materials; (2) the healing process is relatively slow (up to 52
hours); and (3) the healing efficiency is comparatively low
(maximum 59%). Therefore, there is clearly a need to develop
a system that produces epoxy with enhanced mechanical,
thermal, and self-healing properties. Herein, we report a new
system that produces epoxy featuring higher glass transition
temperature, greater mechanical strength, faster healing speed,
and higher healing efficiency.
2. Materials and methods
2.1 Synthesis of recyclable epoxy

Diglycidyl ether of bisphenol A (DGEBA), phthalic anhydride, and
zinc acetylacetonate hydrate powder were purchased from Sigma-
Aldrich (St. Louis, MO, USA) and used without further purica-
tion. To prepare the recyclable epoxy, rst, 7.74 g (0.0294 mol)
catalyst zinc acetylacetonate hydrate was dissolved in 200 g (0.586
mol) DGEBA at 150 �C. Then, 43.5 g (0.294 mol) phthalic anhy-
dride was added to the mixture. Continuous stirring was neces-
sary to accelerate dissolution before curing occurred. The molar
ratio of DGEBA to anhydride is 2 : 1.24 Aer dissolution of the
components, the mixture was poured into a PTFE mold and
allowed to cure at 130 �C for 6 h.44 The oven was then turned off,
and the sample was allowed to cool slowly overnight. A trans-
parent brown solid was obtained (Fig. 1a). A owchart of the
sample preparation process is included in Fig. S1 in the ESI.†
2.2 Recyclable epoxy powder preparation

The as-prepared epoxy was rst cut into strips using a saw
cutting machine. Then, the material was hammered into
Fig. 1 Photographs of (a) the as-prepared epoxy and (b) the epoxy
powder after 8 h of ball milling.

21506 | J. Mater. Chem. A, 2017, 5, 21505–21513
smaller pieces. These pieces were separated into two portions of
similar weight and placed into the alumina ceramic grinding jar
of a ball mill machine (Across International PQ-N2 Planetary,
Livingston, New Jersey, USA). Five alumina ceramic grinding
balls were also placed in each jar. The milling time varied from
8 h, 16 h, to 32 h. Light yellow ne powder was obtained aer
ball milling (Fig. 1b). Two control tests were also conducted by
mixing powders milled at different time periods. The rst one
consisted of 8 h milled powder and 32 h milled powder at a 1 : 1
weight ratio. The second one consisted of 8 h, 16 h, and 32 h
milled powder at a 1 : 1 : 1 weight ratio. The mixtures were
placed in the ball milling jar without adding the ceramic ball
and were mixed for 5 h.

2.3 Thermomechanical and compositional characterizations

Dynamic mechanical analysis (DMA) of the as-prepared epoxy was
conducted in multi-frequency-strain mode using a Q800 dynamic
mechanical analyzer (TA Instruments, DE, USA). The amplitude
was 20 mm, the frequency was 1 Hz, and the temperature sweep
range was �30 to 200 �C. The temperature ramp rate was
3 �C min�1. A differential scanning calorimeter (DSC) study was
conducted using a PerkinElmer DSC 4000 instrument (MA, USA). A
small piece of as-prepared epoxy of approximately 7mg was placed
in an aluminum pan and scanned between �30 �C and 200 �C
with heating and cooling rates of 10 �Cmin�1. The purging rate of
the nitrogen gas was 30mLmin�1. Two cooling and heating cycles
were conducted, and the second cycle is shown so that the thermal
history is eliminated (see Fig. 2b). The glass transition temperature
(Tg) is labeled in the plot (see Fig. 2b). The as-prepared epoxy, self-
healed epoxies, and the powders at different healing or recycling
cycles were characterized with a Nicolet 6700 FTIR spectrometer
with a scan range of 4000–600 cm�1.

2.4 Compressive strength test

In order to investigate the compressive strength of the as-
prepared specimens, an isothermal uniaxial compression test
was conducted using an MTS machine (Alliance RT/5, MTS,
USA) equipped with a temperature-regulated oven tted with
a Eurotherm controller (Thermodynamic Engineering Inc.,
Camarillo, CA). Room temperature and 110 �C were selected,
from glassy to rubbery temperatures, in order to fully under-
stand the compression behavior of the recyclable epoxy. The
loading rate was 1 mm min�1 for all the specimens, and the
data acquisition rate was 10 Hz. The control soware used was
Test Work 4. Four effective specimens were used for each test.

2.5 Self-healing experiments and healing efficiency
calculation

Ball-milled epoxy powder was placed in a specially manufactured
steel mold to perform the self-healing or recycling experiments.
For the healing experiment, 1 g powder was consistently placed in
the mold for all tests. The mold was placed in between eXpert
2610 MTS clamps (ADMET, Norwood, MA, USA). The control
soware was MTESTQuattro. The temperature in the thermal
chamber was regulated by an E5AC-T digital controller (OMRON,
Japan). Combinations of different temperatures (90, 115, 150, 180,
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 FT-IR spectrum of the as-prepared epoxy and epoxy powders
at different recycling cycles. The repetition of peaks suggests good
recyclability.
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and 210 �C), compressive molding stress (3, 6, and 12 MPa), and
healing time (1, 2.5, and 10 h) were tuned to investigate the
inuence of experimental conditions on the healing efficiencies
of the recyclable epoxy. Pressure was applied to the mold at a rate
of 500 N min�1 (or 1.67 MPa min�1) until the designated values
were reached. Then, the MTS clamp was held at the target posi-
tion for a selected period of healing time. The slight pressure
change due to reorganization of the molecules within the epoxy
powder was tracked and is shown in the healing prole. The data
acquisition rate during healing was 10 samples per min. All
healed specimens had similar dimensions of 60 mm (length) �
5 mm (width)� 3 mm (thickness). The length and the width were
determined by the dimension of the steel mold. The sample
thickness was approximately 3 mm, which slightly varied due to
the differences of temperature and pressure during the self-
healing experiments.

The healing efficiencies were determined by the uniaxial
tension test. Aer healing, the healed specimens were subjected
to the tensile test using an eXpert 2610 MTS (ADMET, Norwood,
MA, USA). The tests were conducted at room temperature at
a loading rate of 40 N min�1 until fracture. The data acquisition
rate was 120 points per min. The ratio of the average tensile
strength of the healed specimen over the average tensile
strength of the as-prepared specimen was dened as the healing
efficiency. The healing test and the corresponding tensile test
were repeated at least three times, and the average results and
standard deviations are reported.
2.6 SEM visualization

The ball-milled powders at different healing cycles were visualized
by scanning electron microscopy (SEM) (Quanta 3D FEG, Hills-
boro, OR, USA) using secondary electrons. The sample surfaces
were coated with platinum for approximately 6 nm. The acceler-
ating voltage was 5 kV, and the working distance was 9–9.5 mm.
3. Results and discussion
3.1 Characterization of the recyclable epoxy

The as-prepared recyclable epoxy was rst scanned by DMA for its
thermomechanical property in the temperature range of �30 to
Fig. 2 (a) DMA temperature sweep and (b) second DSC heat flow scan.

This journal is © The Royal Society of Chemistry 2017
200 �C (Fig. 2a). The glass transition temperatures (Tg) of the
material are labeled on the basis of the onset of storage modulus,
peak of loss modulus, and peak of tan delta. There are slight
differences between the three Tg values, which is common. The
storage modulus of the epoxy is 2.7 GPa at 25 �C and it decreases
to 118 MPa at 120 �C, which is stiffer than our previously devel-
oped epoxy with self-healing capability.43 DSC studies with two
heating and cooling cycles were conducted between�30 to 200 �C
(Fig. 2b). The second heating and cooling cycles are shown so that
the thermal history of the material can be eliminated in the rst
cycle. The glass transition temperature (Tg) of the epoxy is 98 �C,
as labeled in Fig. 2b.

The FT-IR spectra of the as-prepared epoxy and 8 h ball-
milled specimens subjected to three healing cycles are dis-
played together in Fig. 3. The strong carbonyl stretch at
1728 cm�1 indicates successful transesterication, which
remains present in all samples, suggesting a reversible trans-
esterication reaction. In addition, there is also no new peak
formation and old peak disappearance, which indicate that the
same functional groups are maintained in all samples during
consecutive healing experiments.
The glass transition temperature in both tests is marked as Tg.

J. Mater. Chem. A, 2017, 5, 21505–21513 | 21507

http://dx.doi.org/10.1039/c7ta06397k


Fig. 4 Compressive strengths of the recyclable epoxy (a) at room temperature and (b) at 110 �C. The room temperature compression shows
classical linear elastic, yielding, strain softening, plastic follow, and strain hardening behavior for typical glassy polymers. The high temperature
test shows typical nonlinear rubber elasticity behavior. The cross-linked network leads to a rubbery epoxy that is also strong and stiff.
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3.2 Compressive strength

Compressive strength is an important parameter to evaluate in
engineering materials that will be used for real-world applica-
tions. For this recyclable epoxy, a room temperature compres-
sion test was conducted rst, as shown in Fig. 4a. The material
experienced the yield point at 20% strain. When the compres-
sion strain reached 34%, a small crack was generated, and this
contributed to a slight stress drop. Such small cracks also
caused a similar stress drop later as compression continued.
However, the sample did not break apart because it could still
withstand the increasing load. At 58% strain, a relatively large
crack was formed, and the compressive strength at this point
was 226 MPa. The modulus calculated based on four compres-
sion tests at room temperature is 1.8 GPa. It is worthwhile to
mention that this material did not break into pieces during the
room temperature compression test. The loaded pressure only
caused crack formation within the sample. The high toughness
is an appealing feature for practical applications.

When compression testing the material at 110 �C, it behaved
quite differently as compared to the compression test at room
temperature (Fig. 4b). The rst crack was formed at 35% strain,
and the material was compressed into pieces at 52% strain with
compressive strength of 58MPa. As a comparison, the compressive
strength was only 2.8 MPa to 5.0 MPa for our previously investi-
gated self-healing epoxy system in the temperature range of 60–
150 �C.43 It indicates that the curing agent is playing a crucial role
in the mechanical properties of epoxy resins. The more rigid
molecular structure of phthalic anhydride-cured recyclable epoxy
demonstrated signicantly improved mechanical properties as
compared to the previous tricarballylic acid-cured system.
Furthermore, the high compressive strength and stiffness at room
temperature and the high glass transition temperature suggest that
this new recyclable epoxy can be used in load-carrying structures.
Fig. 5 Photographs of (a) the steel mold (bottom) and pressure bar
(top) for preparing self-healing or recycling specimens, and (b) the
healed epoxy specimen (top) and fractured specimen (bottom) after
the tensile test.
3.3 Self-healing and healing efficiency

The self-healing experiments were performed with a specially
designed steel mold, as shown in Fig. 5a. The length of the
21508 | J. Mater. Chem. A, 2017, 5, 21505–21513
groove in the center of the mold is 60 mm and the width is 5
mm. The pressure bar in Fig. 5a perfectly ts the size of the
groove. Aer carefully placing epoxy powders into the groove so
that they are even with the surface, the pressure bar was placed
on the top of the powders so that compressive force can be
applied later through the bar. The same amount of epoxy
powder (1 g) was placed in the groove for each specimen to keep
the dimensions of the healed specimens consistent. The system
was then put into the chamber of the MTS machine at a specic
temperature for healing. The healing was conducted by com-
pressing the pressure bar into the groove until a specic
compressive stress was reached. Aer holding the compressive
stress for the designed time period, the MTS machine was
allowed to naturally cool to room temperature. The healed or
recycled specimen was demolded, and it was then ready for the
tensile test. Images of a self-healed specimen and a fractured
one aer the tensile test are shown in Fig. 5b.

Healing temperature, time, and pressure are well-known for
their inuences on healing efficiencies. In order to evaluate the
effect of temperature on healing efficiency, ve temperatures
with one below Tg (90 �C), one at approximately Tg (115 �C), and
three above Tg (150, 180, and 210 �C) were selected. Three sets of
specimens were tested. In the rst set of specimens (Groups 1–
5), the healing time and pressure were kept at 2.5 h and 6 MPa,
This journal is © The Royal Society of Chemistry 2017
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Table 1 Effects of healing conditions on healing efficiency of the
epoxya

Group

Healing
temperature
(�C)

Healing
time
(h)

Healing
pressure
(MPa)

Tensile
strength
(MPa)

Healing
efficiency
(%)

1 90 2.5 6 4.7 � 0.47 11.4
2 115 2.5 6 12.0 � 2.11 29.1
3 150 2.5 6 18.9 � 2.85 45.9
4 180 2.5 6 23.7 � 3.60 57.5
5 210 2.5 6 31.0 � 2.94 75.2
6 150 1.0 6 11.0 � 0.01 26.7
3 150 2.5 6 18.9 � 2.85 45.9
7 150 10 6 31.7 � 2.62 76.9
8 150 2.5 3 13.0 � 0.81 31.6
3 150 2.5 6 18.9 � 2.85 45.9
9 150 2.5 12 24.0 � 2.82 58.3

a Note: the tensile strength of the as-prepared epoxy is 41.2 � 6.08 MPa.
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respectively. In the second set of specimens (Groups 3, 6, and 7),
the healing temperature at 150 �C and the pressure at 6 MPa
weremaintained. In the third set of specimens (Groups 3, 8, and
9), the healing temperature of 150 �C and healing time of 2.5 h
were maintained. For the rst set of specimens, the healing
proles are shown in Fig. S2a,† and the tensile tests are shown
in Fig. S2b in the ESI.† For the second set of specimens, the
healing proles are shown in Fig. S3a,† and the tensile tests are
shown in Fig. S3b in the ESI.†

The tensile strength of the as-prepared epoxy with dimen-
sion 60 mm (length)� 5 mm (width) � 3 mm (thickness) is 41.2
� 6.08 MPa. This value will be used to calculate the healing
efficiencies of all recycled samples.

The healing (recycling) condition, tensile strength values
(average values of three tests), and calculated healing efficien-
cies for the three sets of specimens are listed in Table 1. The
following observations can be made. (1) The healing efficiency
increases with healing temperature. This trend is within our
expectations because: (a) the transesterication reaction is
more rapid at higher temperatures, and therefore, more ester
Fig. 6 Examples of (a) compressive load change with time during the he
at three different healing pressures (3 MPa, 6 MPa, and 12 MPa).

This journal is © The Royal Society of Chemistry 2017
bonds form in between powder particles; (b) the modulus of the
material decreases with the increase in temperature until 137 �C
(stabilized aer 137 �C), and therefore, the distance between
particles becomes smaller with rising temperature and thus
promotes the transesterication reaction. At 210 �C, the healing
efficiency can reach 75.2%, which is fairly good. (2) It is clear
that the tensile strengths exhibit an increasing trend with the
increase in healing time. When translating the tensile strength
to healing efficiency, a clear increase from 26.7% to 76.9% was
noted when increasing the healing time from 1 h to 10 h. This is
straightforward, as a longer healing time allows additional
bonds to form via transesterication reaction. (3) Tuning the
healing pressure exerts an effect that is similar to tuning the
healing temperature and time, as expected. The healing pres-
sure was selected to be at 3.0 MPa, 6.0 Mpa, and 12.0 MPa. The
typical compressive load change with time during recycling and
tensile stress–strain curves of recycled specimens are shown in
Fig. 6a and b, respectively. The tensile strength of the healed
specimen increased from 13.0 MPa to 24.0 MPa when the
molding pressure was increased from 3.0 MPa to 12.0 MPa. The
increased pressure can decrease the distance between particles,
which ultimately will increase the surface contact and the
transesterication reaction rate. (4) By elevating the tempera-
ture (for example, Group 5 versus Group 1) and/or increasing
pressure (for example, Group 9 versus Group 8), the healing rate
will be increased, i.e., a higher healing efficiency will be ach-
ieved within the same time period.

For the above experiments, the epoxy powders were obtained
by ball milling for 8 h. In comparison, powders with a longer
milling time and powder mixtures with different milling time
periods were also studied, as shown in Fig. S4 in the ESI† and in
Table 2, respectively. It can be seen that the healing efficiency
was increased from 45.9% to 62.4% by simply changing the
milling time according to Groups 3 and Group 10 in Table 2.
This increase occurred because a longer milling time leads to
smaller sized powders, thereby creating larger surface areas and
more active sites for the transesterication reaction. However,
a larger surface area associated with smaller particle size may
need a longer reaction time to heal. Thus, long milling time is
aling process and (b) tension test results of healed specimens prepared

J. Mater. Chem. A, 2017, 5, 21505–21513 | 21509
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Fig. 7 Schematic of particle packing in powder mixtures prepared with powders of different sizes.

Table 2 Effects of milling time and powder mixtures on healing efficiency of the epoxy

Group Milling time (h)
Healing
temperature (�C)

Healing
time (h)

Healing
pressure (MPa)

Tensile
strength (MPa)

Healing
efficiency (%)

3 8 150 2.5 6 18.9 � 2.85 45.9
10 32 150 2.5 6 25.7 � 1.53 62.4
11 32 150 10 12 36.3 � 4.69 88.1
14 8 h + 32 h (50.0 wt% each) 150 2.5 6 26.7 � 2.52 64.8
15 8 h + 16 h + 32 h (33.3 wt% each) 150 2.5 6 23.3 � 3.51 56.6
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coupled with prolonged healing time and elevated healing
pressure (Group 11, Table 2), and the highest healing efficiency
achieved was 88.1%.

In order to increase the packing density of the powders so
that more surface contact can be produced, we mixed powders
milled for 8 h and 32 h at a 1 : 1 weight ratio by placing the
mixture in the jar of the ball mill and mixing for 5 h without
adding ceramic balls so that the particle sizes did not change.
The results from Group 14 are comparable to that of Group 10
but much higher than that of Group 3, which indicates that
adding epoxy powders with a smaller particle size will enhance
the healing efficiency. A similar experiment was also conducted
in Group 15 by mixing three types of powders with different
milling times. Similar results were obtained, and the healing
efficiency was clearly greater than that of Group 3.

Our explanation regarding epoxy powder mixing is illustrated
in Fig. 7. With increasing ball milling time, the particle sizes of
the recyclable epoxy became smaller, as illustrated by the gold,
purple, and brown balls in Fig. 7. For specimens only containing
8 hmilled powder, a large void space between particles decreased
the surface contact area for the transesterication reaction and
thus lowered the healing efficiency. Upon introducing much
smaller particles milled for 32 h, the void space was partially l-
led, which led to a clear increase in the healing efficiency due to
Table 3 Change of healing efficiency with healing cycles

Group
Healing
cycle (h)

Healing
temperature (�C)

Healing
time (h)

3 1st 150 2.5
12 2nd 150 2.5
13 3rd 150 2.5

21510 | J. Mater. Chem. A, 2017, 5, 21505–21513
an increased transesterication reaction in the particle contact
area. For the three-component mixture, the result is not as effi-
cient as the two-component system, and this may be attributed to
less efficient particle packing of the three-component mixture as
compared to the two-component mixture, which has denser
packing. As will be seen later in the SEM observations, the
powders are irregularly shaped instead of being perfectly spher-
ical. Therefore, the classical packing theory based on spheres
cannot fully guide the design of the mixture. Some empirical
equations employed in determining densely graded aggregates in
concrete design, which have particles with sharp angularities,
may be referenced.45

Further cross comparison of the healing efficiencies from
a different set of experiments gives us more valuable information
regarding the recycling of this epoxy thermoset system. A
comparison of Group 4 to Group 9 in Table 1 indicates that an
increase of 30 �C on healing temperature has an effect similar to
doubling the healing pressure; a comparison of Group 2 to Group
6 in Table 1 indicates that an increase of 35 �C has an effect
similar to 2.5 times longer healing time; a comparison of Group 4
in Table 1 to Group 15 in Table 2 indicates that an increase of
30 �C has an effect similar to that of three-component mixing.

In addition to studying the healing efficiency of powders
milled from as-prepared epoxy, we also investigated the
Healing
pressure (MPa)

Tensile
strength (MPa)

Healing
efficiency (%)

6 18.9 � 2.85 45.9
6 35.6 � 4.51 86.4
6 23.7 � 6.02 57.5

This journal is © The Royal Society of Chemistry 2017
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Fig. 8 SEM images of the recyclable epoxy powder at different healing cycles. (a) 8 h milled sample for the 1st healing experiment. (b) 8 h milled
sample for the 2nd healing experiment. (c) 8 h milled sample for the 3rd healing experiment. (d) 32 h milled sample. (e) Themixture of 8 h and 32 h
milled samples at a 1 : 1 weight ratio. (f) The mixture of 8 h, 16 h, and 32 hmilled samples at a 1 : 1 : 1 weight ratio. All images are the same size for
comparison.
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repeatability of recycling. The healing process for milled powder
from the as-prepared epoxy, epoxy aer one, and two milling–
healing cycles are denoted as the 1st, 2nd, and 3rd healing,
respectively. The self-healing results are shown in Fig. S5 in the
ESI† and also given in Table 3. The healing condition is the
same for the three healing cycles at 150 �C healing temperature,
6 MPa healing pressure, and 2.5 h healing time. For the three
Fig. 9 Mechanism of the recycling of this thermoset epoxy system.

This journal is © The Royal Society of Chemistry 2017
healing cycles, the healing efficiency is quite different, ranging
from 45.9% to 86.4%, with the second healing cycle demon-
strating the highest healing efficiency (Table 3). Based on
previous experience, it is reasonable to believe that powder size
difference and packing may play a role in this trend. Hence, we
turned to SEM for a better understanding.
J. Mater. Chem. A, 2017, 5, 21505–21513 | 21511
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3.4 SEM observations

In order to evaluate the impact of particle size on healing effi-
ciency as mentioned above, SEM was employed to visualize the
size and size distribution of ball-milled powder aer consecu-
tive milling–healing cycles, as shown in Fig. 8. For the 8 hmilled
specimen using the as-prepared epoxy (Fig. 8a), the particle size
distributed in a certain range, with some big particles in the
range of 10–20 mm and some small ones in the range of
approximately 1 mm, which are attached to the bigger particles.
The 8 h milled powder from the 1st healing sample is shown in
Fig. 8b. The particle sizes become much smaller than that of
Fig. 8a, in a range from approximately 0.1 mm to 8 mm.
Surprisingly, the particle size, which is in the range of approx-
imately 1 mm to 9 mm, for the milled 2nd healing sample (Fig. 8c)
is smaller than that in Fig. 8a but larger than that in Fig. 8b.
This explains the trend observed in Table 3, where the 2nd

healing sample had the highest healing efficiency as compared
to the 1st and 3rd healing samples.

For the 32 h milled powder (Fig. 8d), the particle size, with
the majority in the range of approximately 0.1 mm to 5 mm, is
much smaller as compared to Fig. 8a, ensuring a more closely
packed system and enhanced healing efficiency. When mixing
the 8 h (Fig. 8a) ball-milled powder with 32 h (Fig. 8d) ball-
milled powder, both large and small particles can be seen
(Fig. 8e). When compacted, the smaller sized particles may
better ll in the open space within the skeleton formed by the
larger sized particles, enhancing the particle–particle contact
and self-healing efficiency. When mixing powders from 8 h,
16 h, and 32 h ball milling (Fig. 8f), there is a decrease in large-
size particles because the content of 8 h milled powders
decreased from 50% weight ratio to 33% ratio. However, when
these more uniform particles are compacted, it may be difficult
for them to form a dense conguration, leading to reduced
healing efficiency as compared to that with 8 h ball-milled and
32 h ball-milled powder mixture.
3.5 Mechanism

The powdered epoxy has a signicant amount of ester bonds on
the surface. If the environmental temperature is elevated and
external pressure is applied to the epoxy powder, trans-
esterication reactions occur and form new covalent bonds
between particles at the interfaces, as shown in Fig. 9. A
proposed mechanism showing the chemical details of the
synthesis and self-healing process is included in the ESI in
Fig. S6.† Byproducts will be generated, and these molecules will
participate in a further transesterication reaction as long as
high temperature and external load still exist. Once cooled to
room temperature, the ester bonds will be in the “frozen” state
rather than the “active” state that occurs under high tempera-
tures. Therefore, no additional transesterication reaction will
take place. Based on the explanation above, increasing
temperature (that does not exceed the decomposition temper-
ature, which is above 300 �C), and elevating pressure (that does
not exceed the compressive strength at 58 MPa) will certainly
increase the healing efficiency of the epoxy system. However, if
the healing time is prolonged, the equilibrium state of the
21512 | J. Mater. Chem. A, 2017, 5, 21505–21513
transesterication reaction at the particle interface will even-
tually be reached so that the healing efficiency will become
stable. Mixing particles with different sizes is also a good
strategy to increase the healing efficiency because void space
will be reduced in the system.
4. Conclusion

Successful synthesis of thermoset epoxy was accomplished
using phthalic anhydride as the curing agent with a glass
transition temperature at 98 �C based on the DSC test, room
temperature modulus of 1.8 GPa, compression strength of
226 MPa at room temperature and 58 MPa at 110 �C, and tensile
strength of 41.2 MPa at room temperature. The healing effi-
ciency can be as high as 88.1%. It was shown that the solid
recycling process is repeatable, suggesting that the epoxy can be
used and reused several times. It was demonstrated that the
recycling efficiency is affected by molding time, temperature,
pressure, particle size, and particle size distribution. Within
a certain range, higher healing temperature, increased healing
pressure, and longer healing time almost always lead to higher
healing efficiency. Smaller particle size obtained by prolonged
milling time prompts a higher healing efficiency. A powder
mixture with different milling times may also increase the
packing density and the recycling efficiency. As compared to our
previously developed tricarballylic acid-cured system, the re-
ported epoxy system shows signicantly improved mechanical
properties with good recycling capability. This new recyclable
epoxy has the potential to be used in load-carrying structures.
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