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ABSTRACT: This work offers detailed experimental evi-
dence for crack healing in fully formed epoxy–amine poly-
mer networks. Compact tension specimens of diglycidyl
ether of bisphenol A (EPON-828) and 4,40-methylene biscy-
clohexanamine were synthesized at stoichiometry and
with an excess or paucity of an amine curing agent. Heal-
ing efficiencies were measured on the basis of the regain
in the fracture load after a healing protocol was applied.
For all systems investigated, the average healing efficiency
for first fracture was greater than 50% when healing was
conducted at 185�C for 1 h. The crack-healing behavior
was highly repeatable at all stoichiometries, and healing
was found to occur for repeated fracture–heal cycles of the
same specimen. On the basis of results from size exclusion
chromatography for the extractable phase, infrared spec-
troscopy, and scanning electron microscopy, it is postu-
lated that healing is primarily due to mechanical

interlocking of the nodular topology of a fractured crack
interface that occurs in the rubbery state and is set in
place by vitrification upon cooling. A 1=2 power depend-
ence of the healing efficiency on the healing time was
observed, and this suggests that the interlocking of topo-
graphical features is governed by diffusive processes.
For networks cured with a large excess of epoxide
groups, the recovered fracture load was higher than that
of virgin specimens. In this case, polyetherification or
homopolymerization of previously unreacted epoxy
groups increased the healing efficiency significantly, and
this suggests that low degrees of covalent bonding can
significantly enhance healing behavior in these systems.
VVC 2009 Wiley Periodicals, Inc. J Appl Polym Sci 113: 2191–2201,
2009
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INTRODUCTION

Highly crosslinked thermosetting polymers are used
extensively in adhesives, structural composites, and
protective coatings. They exhibit excellent thermal
and mechanical performance as well as solvent re-
sistance.1 Epoxy thermosets are generally brittle and
are often used in conjunction with toughening
agents such as rubber modifiers2 or thermoplastic
additives3 that improve fracture toughness but
reduce properties such as the modulus and glass-
transition temperature (Tg). The inherent brittleness
of epoxies leads to incipient microcrack formation
due to thermal or mechanical cycling. These micro-
cracks can coalesce over operational lifetimes to
eventually cause unexpected macroscopic fracture.
One approach used to mitigate the effects of micro-
crack growth is the design of self-healing material
systems that can reverse damage and recover load-
bearing capacity.

A number of self-healing techniques have been
explored for brittle materials over the last 2 decades.
In early work by Dry,4 hollow fibers filled with reac-
tive liquids were embedded in concrete; they rup-
tured on failure and filled cracks to cause strength
recovery. More recently, White et al.5 developed
polymer composites that heal autonomously. In
these systems, microcapsules filled with monomers
are dispersed within a catalyst-containing matrix.
Upon failure, the microcapsules rupture, releasing
monomers that fill the crack site and react when
exposed to the catalyst particles. Similar work by
Bond et al.6 has shown the healing behavior of fiber-
reinforced epoxy composites into which resin-filled
hollow glass fibers have been incorporated. Such
techniques have demonstrated the design of systems
that can heal autonomously at least once. However,
the need to develop materials that can heal multiple
times without severe loss in strength is evident
because once the filled inclusions are ruptured, the
healing agent is depleted. Remendable systems
based on reversible covalent Diels–Alder linkages, as
investigated by Chen and coworkers,7,8 and healing
via the incorporation of linear polymer chains, as
reported by Hayes et al.,9 show promise as continu-
ously rehealable material systems. However, despite
the growing number of studies dedicated to finding
healing additives for common thermoset systems
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such as amine-cured epoxies, there has been very
limited work reporting the inherent healing capacity
of unmodified thermosets. This is not surprising
because the crosslinked nature of thermosets is
expected to curtail healing mechanisms observed for
thermoplastics. Yet, surprising results briefly men-
tioned in the literature suggest that healing is possi-
ble in crosslinked epoxy systems.10,11 Our own
preliminary results have shown that certain unmodi-
fied amine-cured epoxies show healing efficiencies
comparable to those observed in currently used heal-
able thermosets, as summarized in Table I. There-
fore, investigating the healing behavior of neat
thermosets serves two main purposes: first, to estab-
lish a baseline behavior to which developments can
be compared, and second, to provide insights into
the mechanisms of thermoset healing that could lead
to novel strategies for incorporating healing capacity
into multifunctional composite structures. The work
reported herein represents the first detailed crack-
healing study of unmodified epoxy–amine networks.
The investigated system is a diglycidyl ether of
bisphenol A (DGEBA) cured with a cycloaliphatic
diamine. DGEBA forms the basis for many commer-
cial systems,12 systems investigated by our

group,13,14 and also those of others.15 The crack-heal-
ing behavior of epoxy–amine thermosets was eval-
uated with a modified compact tension test protocol.
The influence of healing conditions such as the time
and pressure on strength recovery was evaluated for
single healing experiments as well as cyclic healing
experiments. Additionally, the influence of epoxy–
amine stoichiometry on healing behavior was
assessed. The obtained data provide valuable clues
regarding the mechanism of healing in these
systems.

EXPERIMENTAL

Materials

DGEBA (EPON-828, n ¼ 0.13; Miller-Stephenson),
tetrafunctional amine, 4,40-methylene biscyclohexan-
amine (PACM; Air Products), and tetrahydrofuran
(THF; 99.9%; Sigma–Aldrich) were used as obtained.
The chemical structures of the monomers used are
shown in Figure 1.

Sample preparation

The composition of the epoxy–amine samples used
in this study is given in Table II. Samples at stoichi-
ometry were synthesized with an epoxy–amine
weight ratio of 100 parts of epoxy to 28 parts of
amine. This corresponds to a stoichiometric ratio of
epoxide groups to reactive amine hydrogen groups
that is defined as r ¼ 1.0. All samples synthesized
off stoichiometry were identified on the basis of this
r value so that samples made with excess epoxy had
r > 1.0 and samples with excess amine had r < 1.0.
All values of r were accurate within �0.02. The
reaction mixtures were homogenized and degassed
at room temperature with a planetary motion
mixer (Model AR250, Thinky Corporation, USA).

TABLE I
Healing Efficiencies from Other Researchers Versus the

Healing Efficiency of This Study’s Epoxy–Amine
Thermoset

Method
Healing

efficiency (%)

Autonomic healing5 80–90
Retro Diels–Alder7 60–80
Polymer blends9 40
Anhydride-cured epoxy10 100
Vinyl ester19 1.7
This study’s system >50

Figure 1 Chemical structures of monomers used for the synthesis of the epoxy–amine thermosets.

2192 RAHMATHULLAH AND PALMESE

Journal of Applied Polymer Science DOI 10.1002/app



Subsequently, a cure schedule of 80�C for 2 h and
165�C for 2 h was used to ensure the complete con-
version of epoxy and amine groups at r ¼ 1.0.16 For
mechanical testing, samples were machined to the
required dimensions according to ASTM D 5045-99.
A single hole was drilled at a distance of 3.5 mm
from the notched end following the method of
Chen et al.8 to arrest the propagating crack.

Test protocol and healing efficiencies

Figure 2 shows a schematic of the compact tension
test specimen used to evaluate the healing efficiency.
A starter crack was created at the base of the notch
by gentle tapping with a sharp razor blade. The test
specimens were loaded in tension between clevis
grips with dowel pins at a crosshead speed of 0.1
mm/min, and the experiment was stopped as soon
as the crack was arrested by the hole. With the crack

arrested in this fashion, the fractured faces of the
specimen could be accurately realigned. For this
arrangement, the crack length remained constant at
3.5 � 0.1 mm. The fractured specimens were healed
by either a high-pressure method (HP) or a low-
pressure (LP) method. In the former, the specimens
were kept between 8 and 13 MPa with a heated
press and allowed to heal at a set temperature and
time. In the latter, a pressure of 0.13 MPa was
applied in a pre-equilibrated convection oven. All
healing studies were done in air, and all specimens
showed a visual disappearance of the crack interface
before testing. For all tests, four to six individual
specimens were used to compute fracture loads and
healing efficiencies.
The healing efficiencies were computed with the

following equation:

en ¼ Pn

P0
� 100 (1)

where en is the healing efficiency at the nth cycle, Pn

is the maximum load at fracture at the nth cycle,
and P0 is the load at fracture of the original speci-
men. For cyclic healing tests, the healing efficiency
based on the previous load (e0n) is defined as
follows:

e0n ¼ Pnþ1

Pn
� 100 (2)

For example, Table III provides values of healing
efficiencies measured for specimens with the HP or
LP method at different stoichiometries at a healing

TABLE II
Weight and Molar Ratios of EPON-828 and PACM used

for the Synthesis of Epoxy–Amine Thermosets

EPON-828 PACM

EPON-828/
PACM ratio by

weight

EPON-828/
PACM

molar ratio

100 20 5.00 1.40
100 23 4.35 1.20
100 26 3.85 1.07
100 28 3.58 1.00
100 32 3.13 0.88
100 34 2.94 0.82

Figure 2 Schematic and photographs showing the test procedure used: (1) a compact tension specimen loaded under
tension at 0.1 mm/min, (2) a compact tension specimen with an arrested crack, and (3) a specimen healed with either the
HP method or the LP method. [Color figure can be viewed in the online issue, which is available at www.interscience.
wiley.com.]
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temperature (Theal) of 185�C and a healing time
(theal) of 1 h. It is apparent from the data at r ¼ 1.0, r
¼ 0.88, and r ¼ 1.07 that the HP method resulted in
a higher healing efficiency at all stoichiometries. On
the basis of these results, all further testing reported
in this work was carried out with the HP method.

Size exclusion chromatography (SEC)

SEC was used to determine the presence of leachable
extracts in cured epoxy–amine thermosets at differ-
ent stoichiometries. A Waters 515 (Waters Corpora-
tion, Milford, MA) gel permeation chromatograph
pump was used with two 30-cm-long, 7.5-mm-diam-
eter, 5-lm styrene/divinyl benzene columns in series
(PL gel, Polymer Laboratories, Amherst MA; 50-Å
pore size and mixed C for the first and second col-
umns, respectively). The columns were equilibrated
and run at 30�C with THF as the elution solvent at a
flow rate of 1 mL/min. The column effluent was
monitored with a Waters 2410 refractive-index detec-
tor. Samples were prepared by the immersion of
0.02 g of a cured epoxy–amine specimen per gram
of THF and equilibrated at 60�C. The extract was fil-
tered through a Nalgene 0.45-lm syringe filter
before injection into the column.

Scanning electron microscopy (SEM)

Morphological characterization was carried out with
an FEI model XL30 (FEI Company, Hillsboro, OR)
field-emission gun environmental scanning electron
microscope at an accelerating voltage of 10 kV and
with a spot size of 3. All samples were sputter-
coated with platinum before analysis.

Fourier transform infrared (FTIR)

FTIR analysis was performed with a Nicolet Nexus
670 spectrometer (Thermo Electron Corporation,
Waltham, MA) between 4000 and 8000 cm�1 with a
DTGS KBr detector at an aperture setting of 100. The
resolution was set at 8 cm�1, and 32 scans were
taken per spectrum. Epoxy group concentrations
were monitored at a wavelength of 4528 cm�1,

whereas secondary amine NAH stretching overtones
were monitored at 6480 cm�1.14,17,18

Differential Scanning Calorimetry (DSC)

Tg of the thermosets was obtained with differential
scanning calorimetry (DSC; Q2000 TA Instruments,
New Castle, DE) and measured from the second
heating scan at 10�C/min between 30 and 200�C.
Samples ranged in weight from 5 to 12 mg and were
placed in sealed aluminum pans.

RESULTS AND DISCUSSION

The results of the healing experiments are presented
in two sections. The crack-healing behavior of ep-
oxy–amine thermosets evaluated at stoichiometry
(r ¼ 1) is discussed first, and this is followed by the
healing behavior off stoichiometry (r = 1).

Healing behavior at r 5 1

Figure 3 shows a plot of the fracture load and
rehealing efficiency for fully cured samples synthe-
sized at r ¼ 1.0 and measured over repeated fracture
and heal events. The fractured samples were
rehealed at every cycle (theal ¼ 1 h and Theal ¼
185�C) with the HP method. The average fracture
load of virgin specimens was 68 N. The average
fracture load was progressively lower after each heal
with an average value of 37 N after the fourth cycle.
The regains in fracture load correspond to en values
of 68, 60, 50, and 43% for the first, second, third, and
fourth cycles, respectively. These values of en are all
significantly higher than the 1.7% recovery observed

TABLE III
Fracture Loads and Healing Efficiencies Before and After
the First Heal Measured with the HP and LP Methods at

Different r Values

r

e1 (%)

HP method LP method

0.82 53 47
1.00 60 39
1.07 42 32

Figure 3 Representative plot for samples with r ¼ 1.0
showing repeated regain in (l) the healing efficiency and
(*) the fracture load. The samples were healed at Theal ¼
185�C under HP.
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for a vinyl ester.19 The data in Figure 3 also indicate
that the fracture load measured upon repeated heal-
ing is always less than the previously measured frac-
ture load.

The contributions of surface energy towards heal-
ing is thought to be minimal since the surface
energy for an epoxy is typically around 50 mJ/
m2,10,20 whereas the observed fracture energies are
closer to 100 J/m2. One explanation for the observed
healing is the possibility of chemical reactions result-
ing in covalent bonding at the interface. Exposure of
epoxy–amine thermosets to elevated temperatures
may cause etherification reactions in the presence of
epoxide groups. Near-infrared spectra of fully cured
specimens with r ¼ 1.0 did not show unreacted
epoxide or amine groups and indicated full conver-
sion of epoxides and amines. Tg determined from
DSC thermograms did not change appreciably with
time and remained constant at 162.3 � 1.4�C after
180 min of heating at 185�C. This further supports
the contention of insignificant changes due to reac-
tions occurring in the sample at Theal.

The effect of postcure on healing characteristics
was further explored by annealing studies of frac-
tured specimens. Epoxy–amine specimens with r ¼
1.0 were fractured and annealed for 1 h at 185�C,
and the crack interface was forced apart to avoid
contact between fractured surfaces. Samples were
then healed at 185�C under HP for 1 h. The average
fracture load of virgin specimens was 80.1 � 16.5 N,
and the average fracture load after healing was 51.7
� 2.9 N with an average healing efficiency for first
fracture (e1) of 70.6 � 11.7%. This healing efficiency
was comparable to that of nonannealed specimens,
as shown in Figure 3. This result further eliminated
the reaction as a major healing mechanism for sys-
tems cured at stoichiometry.

Another possible explanation for the observed
healing is the interpenetration of a polymeric sol
phase from one side of the fracture surface to the
other in a manner comparable to the mechanism of
healing observed in thermoplastic materials.21 How-
ever, SEC extracts from specimens cured at stoichi-
ometry did not possess a measurable leachable
fraction to suggest the presence of a mobile phase
within the thermoset. Hence, our results for r ¼ 1.0
support the absence of a reactive interface and a mo-
bile phase that could explain the observed healing
behavior.

Figure 4 shows a plot of e1 in samples after the
first fracture/heal event for specimens with r ¼ 1.0
versus theal at 185

�C. From a least-squares fit of data
at short times (theal < 30 min), the healing efficiency
was found to depend on time to the power of 1=2.
The data show that for this case, the healing effi-
ciency does not reach 100% but appears to plateau
at approximately 55 min at a lower value. According

to theories developed for the welding of linear poly-
mers, the fracture energy is dependent on theal to the
power of 1=2, whereas the stress intensity factor and
fracture stress are dependent on theal to the power of
1=4.

11 The data from Figure 4 indicate that e1 (which
is a measure of the fracture load recovery and is
proportional to the fracture stress) has a 1=2 power
dependence, suggesting deviations from theories
developed for linear polymer systems.21–23 This
might be so because unattached molecules are not
available for entanglement in such a highly cross-
linked thermoset.
The development of chain entanglements upon

healing in polymer thermosets cannot be described
by the reptation model developed for linear poly-
mers23,24 because of the absence of long polymer
chains unattached to a polymer network. Healing in
epoxy–amine polymer networks might be due to
entanglements of fractured and dangling chain ends;
this is similar to explanations for the crack healing
of polyurethanes25 or crosslinked polystyrene-co-
polyacrylonitrile.22 Compared to the long-range
interpenetration found in high-molecular-weight
thermoplastic welding, short-range dangling chain
end interpenetration would not provide, on its own,
high healing efficiencies. However, the adhesive
effects of such short chain entanglements could be
enhanced by the presence of a topologically irregular
and rough fracture surface because the interfacial
contact area in such a case would be higher, allow-
ing for a greater volume of interaction through
interpenetration.
In trying to elucidate the healing mechanism of

crosslinked epoxy–amine thermosets, it is also useful

Figure 4 Plot of e1 versus theal
1=2 for samples with r ¼ 1.0
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to assess the timescales for candidate processes in
relation to the observed healing phenomena. A ter-
minal chain in our fully cured system at stoichiome-
try would essentially consist of a polymer repeat
unit (� 796 g/mol). The diffusivity of such chain
ends at short times is conservatively approximated
to be 10�10 m2/s,26 and this corresponds to a 1-nm
diffusion depth being crossed in the order of 10�8 s.
Because the observed crack-healing process occurs
over many minutes as shown in Figure 4, this is not
the principal process responsible for strength recov-
ery. A far slower step would be the rearrangement
of larger scale surface features.

The surface topography of fractured epoxy ther-
mosets varies, depending on the type of curing
agent, cure schedule, and measurement technique.27–30

The fracture surfaces generally appear to have a
nodular topography. From AFM measurements,27–30

the average height of each nodule (the root mean
square distance) appears to vary largely between 5
and 200 nm and may be considered a characteristic
length that interacts on either side of a fractured sur-
face. When fractured surfaces come in contact dur-
ing healing, the peaks and valleys will most likely
not match perfectly at the nanoscopic scale, and this
will limit contact and bonding. An applied pressure
and a temperature above Tg allow rearrangement of
the surface topography to maximize contact and
interpenetration at the polymer–polymer interfaces.
Upon cooling below Tg, permanent mechanical inter-
locking responsible for strength recovery will occur.
A schematic of this postulated mechanism is given
in Figure 5, in which the presence of a nodular frac-
ture morphology enhances mechanical adhesion by
Velcro-like entanglements. If we use the Einstein dif-
fusion equation31,32 as an approximation for the rear-

rangement above Tg of surface features at an
average height of 102 nm (presumed to be a mean
displacement responsible for interlocking), the nod-
ule diffusivity will be of the order of 10�18 m2/s
with a measured equilibrium theal value of 55 min.
Recent observations concerning room-temperature

crack healing in epoxy thermosets using solvents at
a crack interface15 can be explained by similar mech-
anisms because a localized and temporary lowering
of interfacial Tg below the ambient temperature in
the presence of solvents could occur in such a sys-
tem. It is interesting to note that free surfaces of
cured epoxy–amine polymers do not exhibit healing
when subjected to the same healing conditions, and
this indicates that a fractured surface is necessary
for interfacial adhesion to occur. It will be relevant
to carry out experiments on surfaces with controlled
roughness to further quantitatively assess effects on
healing behavior.

Healing behavior at r = 1

Figure 6 is a plot of the fracture load of virgin speci-
mens before and after the first heal (Theal ¼ 185�C,
theal ¼ 1 h) measured for specimens at different stoi-
chiometric compositions. The data show that the av-
erage fracture load of virgin specimens increases
with increasing amine content from 55 to 120 N for
values of r from 1.4 to 0.82. The observed trend is
consistent with work by Vanlandingham et al.27 After
the first healing cycle, this trend in the fracture
strength with stoichiometry was not apparent.
Figure 7 shows the corresponding healing efficien-
cies (i.e., e1) of these specimens at various values of
r. For values of r between 0.82 and 1.07, e1 ranges
between 50 and 70% without a distinct trend. These

Figure 5 Schematic of a possible phenomenon for healing at a crack interface where adhesive strength may be developed
through mechanical interlocking of surface topological features.
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results indicate that the bonding mechanism at the
crack interface for these thermosets is not linked to
specific differences of the polymer network structure
arising from the stoichiometry employed but
appears to be a more general phenomenon associ-
ated with epoxy–amine networks.

In the presence of a large excess of epoxide
groups at r ¼ 1.2 and r ¼ 1.4, healing efficiencies of
178 � 56 and 125 � 10%, respectively, were
observed; that is, the rehealed interface was stronger
than that of virgin specimens. This is most likely
due to interfacial reactions occurring during the
healing cycle.

Figure 8 shows the generalized reaction scheme
between epoxy and amines (1 and 2), which results
in the eventual formation of tertiary amine moieties.1

Also included in Figure 8 are possible side reactions
such as the high-temperature etherification reaction
(3) and the related epoxy homopolymerization cata-
lyzed by tertiary amines (4),1 both of which can lead
to differences in gel times and changes in the cross-
link density depending on the cure temperature and
time schedule. For the cycloaliphatic amine-cured
DGEBA system, the side reactions are negligible
during the cure cycle established to prepare samples.
For specimens with r > 1 however, etherification
and homopolymerization reactions (3 and 4) can
occur, particularly at higher temperatures (Theal)
because unreacted epoxy groups are present.
Figure 9 shows plots of epoxy group consumption

versus time obtained with near-infrared FTIR spec-
troscopy for an epoxy–amine thermoset with r ¼ 1.2
at isothermal temperatures of 150, 185, and 200�C.
After 3 h of exposure following curing, the concen-
tration of the epoxy group decreased to 90% of the
original concentration at 150�C, to 75% at 185�C, and
to 55% at 200�C. The gradual decrease in the epoxy
group concentration with time indicates that a slow
reaction occurs. In a similar fashion, changes in
unreacted amines were monitored for specimens
with r < 1. The results did not indicate a change in
the concentration to suggest the consumption of
amines.

Figure 7 Plot of e1 versus r with healing under HP at
Theal ¼ 185�C and theal ¼ 1 h.

Figure 6 Plot of (*) the virgin fracture load (P0) and (l)
the fracture load after the first heal (P1) versus r with heal-
ing under HP at Theal ¼ 185�C and theal ¼ 1 h. Figure 8 Chemical reactions for an epoxy–amine system:

(1) epoxide ring opening with a primary amine followed
by (2) epoxide ring opening with a secondary amine.
Competing reactions may also take place via (3) etherifica-
tion at elevated temperatures or (4) homopolymerization
in the presence of tertiary amines.
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The occurrence and influence of these reactions
were further evaluated through the monitoring of
changes in Tg. Figure 10 is a plot of Tg evaluated for
different stoichiometric ratios at different postcure
temperatures. For specimens with r ¼ 1.4, Tg

increased from 80�C for the original cured sample to
116�C after a 3-h exposure at 185�C and to 118�C
after an 8-h exposure at 200�C. This observed
increase in Tg progressively decreased as r
approached 1. For specimens with r � 1, exposure to

high temperatures for prolonged periods of time
(200�C for 8 h) did not significantly alter Tg. There-
fore, the high strength gained during the first heal-
ing for specimens with an excess of epoxide groups
was associated with etherification and homopolyme-
rization reactions. This suggests that built-in second-
ary reaction mechanisms could be used effectively in
the design of new self-healing systems.
Off-stoichiometry reactions of epoxy–amine ther-

mosets result not only in a lower crosslink density
and reduced Tg but also in an incomplete reaction
and an increased sol phase content. In the reaction
of a diepoxy (difunctional) with a diamine (tetra-
functional), the sol phase content increases more sig-
nificantly when excess epoxy rather than a paucity
of epoxy is used. For the range of stoichiometries
investigated, samples prepared at stoichiometry or
with excess amine did not produce a measurable ex-
tractable sol phase. On the other hand, a significant
sol phase was observed for samples synthesized
with excess epoxy. Figure 11 shows SEC traces of
extracts from epoxy–amine specimens with r ranging
from 1.00 to 1.40 versus the SEC trace of EPON-828.
This sol fraction showed a distribution of molecular
weights up to a maximum of approximately 1000 g/
mol according to polystyrene standards. The SEC
traces also show the sol phase to be richer in
DGEBA as r increases. This material was sufficiently
mobile in the presence of THF to leach out of the
polymer network, and its existence suggests that sol
mobility may exist at elevated temperatures.
Attempts were made to evaluate the weight fraction
of the sol by Soxhlet extraction in THF followed by

Figure 9 Consumption of epoxy groups (4528 cm�1,
near-infrared spectroscopy) at elevated temperatures plot-
ted as the normalized concentration versus time at (l)
150, (n) 185, and (~) 200�C.

Figure 10 Tg of epoxy–amine samples with various stoi-
chiometries evaluated from DSC measurements (*) after
the original cure schedule and at (h) 1 h at 185�C, (^) 3 h
at 185�C, and (~) 8 h at 200�C beyond the original cure.

Figure 11 SEC traces of pure EPON-828 and extracts
from epoxy–amine samples synthesized with r values of
1.40, 1.20, 1.07, and 1.00.
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vacuum drying of all samples. Accurate trends to
indicate weight losses were not possible because of
significant dipole–dipole interactions between THF
and the epoxy–amine network,14 where complete re-
moval of THF even at elevated temperatures was
not possible.

Several models based on a statistical method or a
combined kinetic–statistical method have been
developed and used to predict a sol fraction within
a thermosetting network.33,34 Altering the reactant
stoichiometric ratio alters the sol fraction, largely
because of changes in the availability and chemical
nature of the reactive sites. For systems cured off
stoichiometry, differences in the sol fraction33,35 are
predicted on the basis of the molar excess, the chem-
ical structure of the epoxy or amine used, and the
cure schedule employed. Ideal networks tend to ex-
hibit appreciable sol fractions beyond 60% excess
amine concentrations or a 10% excess epoxy concen-
tration. For systems such as ethylenediamine35 and
diamino diphenyl amine36 cured epoxies, which ex-
hibit significant substitution effects, sol formation is
enhanced.35 These predictions are supported by
results obtained in this work, in which all excess ep-
oxy concentrations had a measurable sol fraction,
whereas for the range of excess amine concentrations
investigated (up to 30%), a sol phase was not
observed. This excess epoxy sol might contain
unreacted species37 or cyclic structures38 depending
on the reactivity or chemical structure of the mono-
mer units. For DGEBA, it has been shown that cyclic
structures are not formed39 because of monomer ri-
gidity and spatial separation between epoxide
groups, and this suggests that the sol contains
epoxide-bearing monomers and oligomers. For an
epoxide-rich diffusible sol at r > 1 close to a
crack interface, diffusion and reaction of this sol at
the crack could result in a large concentration of

covalent interfacial linkages and the large healing
efficiencies discussed previously. These results
suggest that enrichment of a crack interface
with such mobile and reactive species may also
enhance the crack-healing behavior of epoxy–
amine thermosets.
Figure 12 shows micrographs of a specimen with

r ¼ 1.2 with a crack after the first fracture and a
specimen with r ¼ 1.2 with a healed crack (HP
method, Theal ¼ 185�C, theal ¼ 10 min). The fractured
specimen clearly shows the presence of a crack with
an average width of 1.5 lm between the crack inter-
faces. The micrograph for the healed specimen does
not show such distinct separation between interfaces
but rather indicates that with low theal values, adhe-
sion has been achieved at multiple points along the
interface, and a distinct crack is not visible even at
high magnifications.
These reactions are expected to alter the time de-

pendence of the healing efficiency. Figure 13 com-
pares the healing efficiency at the first heal cycle for
samples with r ¼ 1.2 and r ¼ 0.82 with the healing
efficiency at r ¼ 1.0 (discussed earlier in Fig. 4) for
different theal values at Theal ¼ 185�C. For specimens
with r ¼ 0.82, the healing efficiency plateaus and
never regains its original value even after 180 min.
This suggests that interfacial contacts being formed
never fully mimic the original network even after
prolonged surface rearrangements; this is similar to
observations for networks at r ¼ 1.0. However, at
r ¼ 1.2, there is a strikingly higher increase in the
healing efficiency with theal due to the previously
discussed concurrent interfacial reactions. The speci-
mens were found to recover their original fracture
load within 30 min and reached an equilibrium
value within 60 min. Figure 13 suggests a trend of a
small but consistent drop in the healing efficiency
for theal beyond 60 min, which might be due to a

Figure 12 Scanning electron micrographs showing the crack interface at r ¼ 1.2 after (left) the first fracture and (right)
the first heal at Theal ¼ 185�C and theal ¼ 10 min under HP. Closure of the crack interface is indicated.
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degradation of epoxy–amine specimens40 after pro-
longed exposure to high temperatures. The data for
r ¼ 1.2 and r ¼ 0.82 show a theal1=2 dependence simi-
lar to that observed for healing at r ¼ 1.

The ability to heal multiple times observed for a
stoichiometric epoxy–amine system was also
observed off stoichiometry. Figure 14 presents a plot
of e0n measured over four fracture and heal events
for specimens with r between 0.82 and 1.2 (Theal ¼
185�C and theal ¼ 1 h for each cycle). In all cases
except for specimens with r ¼ 1.2 on the first heal
cycle, the recovered load was lower than the virgin
fracture load and decreased with each cycle; this
was similar to the case for specimens cured at stoi-
chiometry (Fig. 3). Presumably at r ¼ 1.2, the influ-
ence of the secondary reaction is curtailed after the
first healing cycle by a depletion of free epoxies
and/or the immobilization of the reactive sol
phase. Nevertheless, all samples showed repeated
healing upon cycling. The plot indicates that en0

plateaus to a value ranging between 60 and 80%
for all stoichiometries and indicates a similar
reduction in the ability to heal at every fracture
cycle. It is possible that for the stoichiometries
investigated, every fracture event results in a con-
comitant reduction of surface roughness, thereby
reducing the interfacial surface area and the poten-
tial for mechanical interlocking described earlier.
Thus, the cyclic fracture-healing process would
tend to smooth the interface, provided that dam-
age occurs along the same interface.

CONCLUSIONS

The results of this work suggest two distinct mecha-
nisms responsible for healing in epoxy–amine ther-
mosets synthesized at stoichiometry (r ¼ 1) and off
stoichiometry (r = 1). At stoichiometry, repeated
crack healing was observed after multiple fracture
and heal cycles for all specimens with and without
any measurable reaction, extract phase, or changes
in Tg. Healing was hypothesized in this case to be
dominated by mechanical interlocking of nodular
features on fracture surfaces. A 1=2 power depend-
ence of strength recovery on theal was observed. Sim-
ilar healing efficiencies were observed for specimens
with r < 1.07, indicating that mechanical interlock-
ing might be a common phenomenon in fractured
epoxy–amine thermosets. Specimens with r � 1
showed a healing efficiency greater than 100%. This
was attributed to a second mechanism of covalent
bond formation due to polyetherification or homopo-
lymerization reactions of unreacted epoxy groups at
a crack interface. In addition, a measurable mobile
sol fraction was observed for specimens with r > 1,
suggesting enrichment of a crack interface with reac-
tive epoxide groups. Such reactions increased the
overall healing efficiency beyond that observed
purely by mechanical interlocking. Specimens inves-
tigated at all stoichiometries exhibited the ability to
heal repeatedly, although with a continuously
decreasing value of the healing efficiency, which
was suggested to be due to a gradual reduction of
the interfacial surface area responsible for interlock-
ing through attrition.

Figure 14 Plot of e0n for samples with (l) r ¼ 1.2, (^) r ¼
1.0, (~) r ¼ 0.88, and (n) r ¼ 0.82 at Theal ¼ 185�C and
theal ¼ 1 h at each cycle under HP.

Figure 13 Plot of e1 versus theal determined at the first
heal for specimens with (~) r ¼ 1.2, (*) r ¼ 1, and (h) r
¼ 0.82. Samples were healed at Theal ¼ 185�C under HP.
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