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Abstract We investigated the healing of epoxy resins with
embedded ethyl phenylacetate (EPA) solvent loaded cap-
sules and shape memory alloy (SMA) wires under fatigue
loading in tapered double cantilever beam (TDCB) mode.
Under cyclic loading, the kinetics of solvent diffusion are
in competition with the rate of damage propagation. We
showed that the active mechanism of self-healing under
continuous loading is different from that in quasi-static
testing. Crack arrest was observed after some initial crack
growth, resulting from the diffusion of EPA solvent into the
crack tip, involving local plasticization of the epoxy. Finite
element analysis confirmed that the lower modulus and
higher elongation at break of the solvated epoxy reduced
the stresses at the crack tip. This effect combined with
the well-studied microcapsule toughening effect, tremen-
dously increased the toughness of plain epoxy. For epoxy
with embedded SMA wires, completely fractured sam-
ples, healed using SMA activation, showed similar fatigue
resistance as virgin samples. Furthermore, SMA activation
during a 10 min break also stabilized crack progression,
compared to at least 2 h needed to reach the same effect
without SMA wires.
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Introduction

Polymers that can heal cracks after damage have been
successfully demonstrated using different healing mecha-
nisms [1–4]. Some systems are infinitely re-mendable and
are based on reversible bond formation based on hydrogen
bonding [5], ionomers [6] or reversible covalent bonding
[7] and often require thermal or mechanical activation in
order to heal damage. Other systems are completely auto-
nomic, based on liquid healing agents either contained in
microcapsules [8, 9], hollow glass fibers [10] or microvas-
cular networks [11, 12] and can be healed a limited amount
of times, depending on the availability of the healing
agent.

Besides the systems mentioned above [13], advances in
the field of smart materials have been made under the form
of strain sensors, able to detect deformations and impacts
[14, 15] and actuators used to locally provide heat and com-
pressive forces to aid healing of damaged areas [16, 17].
These systems can be used to thermally trigger intrinsic self-
healing but are also appropriate for liquid-based self-healing
by improving the healing agent mobility through increased
diffusion or decreased crack opening [18]. While materi-
als relying on an extrinsic liquid healing agent have an
autonomous self-healing ability, it was shown that actuator-
aided healing can improve healing efficiency by a factor 3
[19, 20].

In case of glassy structural polymers, specifically epox-
ide based resins, self-healing in static testing was demon-
strated using 2-component healing agents (e.g. dicyclopen-
tadiene (DCPD)/Grubbs catalyst [1], epoxy/mercaptan [21]
or epoxy/amine [22]), as well as using 1-component solvent-
filled microcapsules [23]. During healing assessment, large
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damage is typically introduced into a sample under the form
of cracks and after some healing time, in the order of the
curing time of the healing agent, the restoration of mechan-
ical properties is probed. In the context of solvent healing
of an under-cured epoxy matrix, we showed in our previous
work [20] that EPA solvent, upon release from the capsules,
diffused into the resin following a Case II diffusion profile
characterized by a sharp diffusion front [24, 25]. The heal-
ing kinetics were closely linked to the diffusion rate of the
solvent and corresponding swelling and it took 24 h to close
and bond a 30 µm crack gap through local matrix swelling.
The saturation concentration of solvent was found to be
25 % and the solvated epoxy showed important changes
in mechanical properties as compared to plain epoxy: the
Young’s modulus was reduced from about 2.5 to 1.0 GPa
whereas the elongation at break increased almost threefold
from 2.0 to 5.7 %.

Under continuous fatigue loading, the cure kinetics of the
healing agent are in competition with the rate of damage
propagation: if the crack propagation rate exceeds the rate
of curing of the healing agent, minor effects as compared
to non-self-healing samples are observed [26]. In contrast,
if the damage rate is very small as compared to the heal-
ing rate or if sufficiently long rest periods are respected,
the healing-agent is able to repair damage. Substantial life
extension, expressed through increased cycle numbers to
failure, was demonstrated and ranged up to 2000 % for
the DCPD/Grubbs catalyst system [27–29]. Beside the self-
healing effect, other factors contributing to fatigue life
extension have been identified. Shin et al. reported that the
formation of a solid wedge in the crack zone increased the
unloading stress intensity Kmin thereby lowering the stress
intensity range �K [30]. Another effect is hydrodynamic
shielding: if the crack tip is filled with liquid, viscous forces
act on the crack surface, opposing crack closure and open-
ing. Thereby the effective �Keff is lower then the applied
�K [27].

Self-healing with 1-component solvent microcapsules
has been extensively investigated in static testing, while the
performance in dynamic testing has only been briefly doc-
umented [31]. It was found that samples with solvent-filled
microcapsules presented much slower crack growth rates
as compared to control samples but the effect of rest peri-
ods and SMA wires has not yet been reported. Therefore in
what follows, an epoxy matrix with a solvent-filled capsule
healing system based on Caruso et al.’s work [23], com-
bined with embedded shape memory alloy (SMA) fibers
[20] is investigated under dynamic testing. We focus on
the effect of solvent on the epoxy during fatigue testing,
both for continuous experiments, as well as with breaks
and SMA activation. Furthermore we investigate the com-
patibility of the solvent healing system with a fully cured
epoxy matrix.

Materials and Methods

Materials

The epoxy resin was Epon 828, a DGEBA resin (Brenntag)
which was cured with diethylenetriamine (DETA, Sigma
Aldrich) in the stoichiometric ratio of 100:12. Curing took
24 h at ambient temperature followed by 24 h at 35 ◦C
(post-cure schedule 1, PC1), which led to an under-cured
epoxy with a degree of cure of about 71 % [32]. For fully
cured samples (degree of cure >95 %), a cycle of 24 h at
ambient temperature followed by 6 h at 45 ◦C and 45 min
at 75 ◦C was used (post-cure schedule 2, PC2). Testing
of samples was carried out 2 weeks after sample casting
took place. A 97.5:2.5 mixture of ethyl phenylacetate (EPA
99 %, Sigma-Aldrich) and Epon 828 was used as the healing
agent. Encapsulated hexyl acetate (Sigma-Aldrich) served
as a control solvent with no healing ability [23]. Addi-
tionally, dicyclopentadiene (DCPD, Acros) combined with
Grubbs’ catalyst (Sigma Aldrich) was used for comparison.
The SMA wire used in this study was a martensitic NiTiCu
alloy with respective composition of 44.86/45.08/10.06 and
a diameter of 150 µm (Furukawa Techno Material). The
phase transition temperatures as measured by differential
scanning calorimetry (DSC) were 54.3 ◦C, 60.6 ◦C, 44.3 ◦C
and 37.3 ◦C for As , Af , Ms and Mf , respectively.

Encapsulation Procedure

The EPA-Epon 828 microcapsules were produced using
the “resin-solvent” urea-formaldehyde (UF) microencapsu-
lation protocol established by Blaiszik et al. [33] using a
stirring rate of 400 rpm. The DCPD capsules were produced
using the “standard” UF encapsulation protocol [33] using
a stirring rate of 550 rpm. In both cases, only the micro-
capsule fraction between 125 and 355 µm of diameter was
retained using sieves. The EPA-Epon 828 microcapsules
had an optically measured average diameter of 224±51 µm
and the DCPD microcapsules had an average diameter
of 201±52 µm. The Grubbs’ catalyst was recrystallized
through dissolution in benzene followed by freeze-drying
and wax protected as described by Jones et al. and Rule
et al. respectively [34, 35].

TDCB Sample Preparation

Tapered double-cantilever beam (TDCB) samples, used
both for fracture toughness measurement as well as for
fatigue testing, were cast in silicone molds and left for cur-
ing for 24 h. This geometry is characterized by a stress
intensity KI which is linearly dependent on the applied load
and independent of the crack length [36, 37]. Silicone spac-
ers were used to minimize the amount of microcapsules per
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sample by casting in two steps: first the surrounding matrix
consisting of pure epoxy resin, then the 15 wt% microcap-
sule loaded resin. For samples with integrated SMA wires,
these were aligned using free-hanging 50 g weights attached
to their ends before the silicone molds were closed, thereby
clamping the SMA wires at 3 equally spaced locations as
described in our previous work [19, 20]. The samples were
then stored at 21 ◦C and relative humidity of about 40 %.

Fatigue Testing

All fatigue testing was conducted on a Bose ElectroForce
3200 Series with a 225 N load cell. The TDCB epoxy sam-
ples were precracked by gently tapping a razor blade into
the notch in order to produce a natural crack, then loaded
into the testing frame. We applied a mode I tension-tension
triangular wave form to the samples with an stress inten-
sity ratio of R = Kmin

Kmax
= 0.1 and a frequency of 5 Hz,

based on the protocol defined by Brown et al. [27]. For pure
epoxy matrix, samples were produced and aged for 0, 1, 5,
14, 21 and 35 days before a �K sweep (0.37, 0.39, 0.42
and 0.44 MPam1/2) was performed in order to determine the
Paris’ law fitting parameters as a function of aging time. To
do so, at a given stress intensity, the number of cycles nec-
essary to advance the crack by 1 mm was used to compute
the crack growth rate.

The crack position was visually determined with the
help of a ruler parallel to the advancing crack which was
held in place by an independent stand. In what follows, we
estimated the crack length of TDCB samples based on an
experiment where the visually determined crack length was
linked to the measured sample compliance.

Furthermore, a control experiment was carried out to esti-
mate the effect of manually injected EPA solvent on the
sample compliance as the matrix weakening in the crack
tip might lead to falsified crack position readings. There-
fore samples with crack lengths of around 15-20 mm were
loaded in tension to 40 N and the crack tip was manu-
ally filled with solvent. The crack was kept open in order
to prevent any healing effect and the samples were than
left for 24 h, after which the compliance was again deter-
mined. As compared to a control experiment without the
injected solvent, no differences were detected. For samples
with embedded microcapsules, experiments with constant
stress intensities �K (between 0.30 and 0.56 MPam1/2)
were performed until fracture. Besides continuously testing
until fracture, we also investigated the effect of interrupt-
ing fatigue testing for varying amounts of time (for 10 min,
2 h or 24 h) to allow static healing. A low-cycle, high
stress intensity test (�K = 0.50 MPam1/2) was chosen
in order to prevent crack arrest during continuous testing
and single out the effect of the rest period duration. After
20 000 cycles (±1 h), a rest period was followed. Then

another 15 000 cycles were applied in order to determine the
trend in crack progression after the rest period. For active
healing in samples with integrated SMA wires, two types of
tests were carried out: in a first series of tests, samples with
embedded microcapsules and SMA wires were fractured in
a quasi-static tensile mode, followed by SMA activation (an
electrical current of 0.5 A per wire was applied) for 90 min,
as we showed that this leads to optimal healing [20]. These
samples were then tested continuously in fatigue at different
stress intensities (0.25 to 0.54 MPam1/2). The second type
of experiments on samples with microcapsules and SMA
wires consisted in the same low-cycle, high stress intensity
protocol with resting periods as described above except that
the SMA wires were activated during the break for 90 min
(for the shortest break, the activation was limited to 10 min).

Quasi-Static Healing

Static healing performance was assessed through fracture
toughness testing of TDCB samples loaded in tension at a
displacement rate of 5 µm/s in a tensile testing load frame
(UTS Testsysteme GmbH). In detail, the pristine samples
were precracked by tapping a razor blade into the molded
starter-notch in order to introduce a natural crack, fractured,
then left to heal for 24 h and tested again. The healing effi-
ciency η is derived from the ratio of the healed peak load Ph

over the virgin peak load Pv [38].
An overview of all the experiments described in this work

is found in Table 1.

Fatigue Behavior of Pure Epoxy Matrix

Baseline Material Properties

Before testing samples with embedded microcapsules and
integrated SMA wires, baseline properties of the pure Epon
828 resin were retrieved. The parameters C and m of Paris’
law (equation (1)) were obtained using a stress intensity
sweep [39], for samples aged for different times.

da

dN
= C�Km (1)

Figure 1(a) plots the crack growth rate as a function of
stress intensity per sample, each aged for a different dura-
tion of time. Evidently, high variability existed for samples
tested less than 2 weeks after casting. The Paris’s law expo-
nent decreased with time as shown in Fig. 1(b), varying from
10.5 to 4.6 but stabilizing towards about 5.0 after 2 weeks.
This stabilization over time could be due to minor water
absorption (up to 0.3 % after 2 weeks [32]), which has a
plasticizing effect on the epoxy matrix [40].
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Table 1 Experimental plan
Capsules Curing SMA wires Testing �K [MPam1/2]

– PC1 – Continuous fatigue 0.37 − 0.54

–/DCPD/EPA PC1 – Continuous fatigue 0.30 − 0.56

EPA PC1 yes Static followed by fatigue 0.25 − 0.54

EPA PC1 yes Fatigue + 10 min, 2 h or 24 h breaks 0.50

EPA PC3 – Static –

EPA PC3 – Continuous fatigue 0.35 − 0.50

Therefore we left the samples rest for 2 weeks at 21 ◦C
and relative humidity of about 40 % before fatigue testing
for all subsequent testing to ensure a reproducible behav-
ior. The Paris’ law exponent reported here differed from the
reported value of 9.7 by Brown et al. [29] but the difference

(a)

da
dN vs. ΔK and t

(b) 

Paris’law exponent vs. aging

Fig. 1 Effect of aging on different material properties. (a) Crack
growth rate as a function of aging time. (b) Paris’ law exponent as a
function of aging time

can be attributed to the slight difference in PC temperature
(30 ◦C vs. 35 ◦C used in this work) and the waiting time of
2 weeks used in this study.

Calibration Compliance/Crack Length

Based on the above findings, 4 samples aged for 2 weeks
were tested in fatigue at different stress intensities. The
results, averaged over all 4 samples, are found in Fig. 2(a).
As a result, for pure epoxy aged for 2 weeks, the aver-
aged Paris’ law components C and m were found to be
0.015 mm

cycle·MPam1/2 and 4.9 respectively. While for neat

epoxy, the crack can be followed optically due to the trans-
parent nature of the samples, this is not the case for the
opaque epoxy samples loaded with microcapsules. There-
fore a calibration curve relating sample compliance to
crack progression was established and the result is given in
Fig. 2(b). While the variability is not negligible, its effect is
reduced to a shift in the ordinate of the conversion, which
means that while the absolute value of crack location may
be less reliable, the crack progression rate is quite accurate.

Fatigue Behavior of Epoxy Matrix with Embedded
Self-healing Agent

Next, first fatigue tests on plain and microcapsule loaded
TDCB samples were performed according to the proto-
col detailed above. The samples were tested continuously
without interruption. In the first instance, we specifically
compared plain epoxy to the well-known DCPD/Grubbs
self-healing epoxy and the EPA solvent-loaded epoxy. Rep-
resentative results are presented in Fig. 3. At constant
�K = 0.47 MPam1/2 loading, a crack in the plain sam-
ple progressed rapidly while in the DCPD/Grubbs sample
progression was slower, in accordance with Brown et al.
[29]. EPA solvent microcapsule loaded TDCB samples also
showed a reduced crack progression rate as compared to
the plain epoxy, but after about 72 000 cycles (±4 h) for
this sample, complete crack arrest was observed at these
relatively high loading conditions.

Figure 4 shows crack propagation as a function of dif-
ferent stress intensities, based on the same EPA solvent
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Compliance/crack conversion

da
dN vs. ΔK I

(b)

(a)

Fig. 2 Calibration data for the Epon828/DETA polymer. (a) Paris’
law fitting at different stress intensities with error bars based on 3 to
4 measurements. All samples were tested at least 2 weeks after pro-
cessing. (b) Conversion of compliance into optically measured crack
length on pure epoxy samples

microcapsule loaded TDCB samples. For comparison, we
also plot the results for the control samples with embedded
hexyl acetate microcapsules. In case of EPA solvent and for
low loading conditions (�K = 0.3 and 0.41 MPam1/2), no
crack progression took place while for higher load condi-
tions (above �K = 0.48 MPam1/2), the crack progressed
for about 5 mm after 200 000 cycles (±11 h), before reach-
ing a rather constant value. For �K = 0.56 MPam1/2,
crack progression was fast and followed the same trend as
for plain epoxy samples. This observation is in agreement
with the findings of Caruso et al. [31]. At the same time,
control samples with hexyl acetate filled microcapsules
showed crack progression at much lower stress intensities.

Fig. 3 Comparison between plain and microcapsule loaded TDCB
samples without SMA wires fatigued at a constant �K =
0.47 MPam1/2. A crack in the plain sample progresses rapidly while
in the DCPD/Grubbs sample crack progression is slower. In the EPA
solvent microcapsule loaded TDCB sample, crack arrest occurred after
7200 cycles

�K = 0.41 MPam1/2 already led to failure after about
100 000 cycles.

As the samples were tested continuously with no rest
time to heal, crack arrest cannot be due to mending of
cracked surfaces as is the case in quasi-static tensile test-
ing where the samples are completely broken, put together
and left 24 h at room temperature in order to allow the for-
mation of new crosslinked polymeric material. But neither
is it caused by solid wedge formation under cyclic loading
as reported for the DCPD/Grubbs healing system as sol-
vent healing is based on the reaction of residual monomer
rather than forming a new adhesive phase. The only active

Fig. 4 TDCB samples loaded with 15 wt% EPA or hexyl acetate
(control) microcapsules without SMA wires tested at different stress
intensities. At stress intensity levels of �K = 0.41 and 0.48 MPam1/2,
failure occurred in the hexyl acetate control samples while EPA sam-
ples only failed at stress intensities well above �K = 0.48 MPam1/2
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mechanisms in our case are the toughening effect due to the
incorporation of microcapsules and the hydrodynamic pres-
sure crack-tip shielding due to the presence of the solvent
in the crack tip [41]. Therefore the difference between the
control solvent and EPA must be due to solvent diffusion in
the matrix material close to the crack tip and this effect will
be investigated in the next section.

FEA Modeling of Crack Tip

Based on the experimentally measured diffusion kinetics
[20], one can predict the swelling thickness from solvent
diffusion as a function of time. Through interpolation, we
found that it takes about 2 h for a solvent uptake equiv-
alent to a swelling of 1 µm. This duration will be used
as a representative time it takes for crack arrest to occur
(equaling 36 000 cycles). Since the saturation concentration
is 25 wt%, the penetration depth of the diffusion front is
calculated to be around 4 µm. Based on these values, we
investigate the solvent effect on stress and strain distribution
around the crack tip using the finite element method (FEM).
The analysis was carried out using ANSYS (ANSYS Inc.)
[42] and a 2D crack tip model was generated. Figure 5(a)
shows the chosen geometry and the boundary conditions
which were used for this model. Using the symmetry of this
problem, the bottom boundary is clamped while a tensile
stress of 1 MPa is applied to the top boundary. The crack
tip notch protrudes by 100 µm into the 400 µm wide geome-
try. Here the crack tip was modeled by a simplified circular
notch of 1 µm of diameter, surrounded by the solvent-
weakened layer of 4 µm thickness. This numerical model
consisted of 14051 nodes/4459 elements and isotropic elas-
ticity and plane strain were used as the feature size is much
smaller than the sample thickness. Finally we are interested
in the stress and strain distribution along the path defined in
the Fig. 5(b).

We then solved the problem both for pure epoxy with a
Young’s modulus of 2.5 GPa as well as for epoxy with a
solvent-affected epoxy zone, with a reduced Young’s mod-
ulus of 1.0 GPa, based on our previous findings [20]. Color
mapped equivalent von Mises stress plots for both cases are
found in Fig. 6. The stress distribution is clearly affected by
the sudden increase in Young’s modulus when going from
the crack tip towards the bulk.

In detail, the strains and stresses along the path defined
above were extracted and are plotted in Fig. 7 for pure
epoxy as well as the epoxy/solvent. The maximal strain
found at the crack tip increased slightly from 1.50×10−2

to 2.18×10−2 due to the lower Young’s modulus in the
epoxy/solvent layer. Meanwhile, the maximal stresses at
the crack tip were significantly reduced, from 38.1 MPa
to 21.8 MPa. While strain showed a continuous evolution,

apart from a small step in slope at 4 µm (the transition
between epoxy and epoxy/solvent), stress first decreased
until the material transition where it jumped back from
1.54 MPa to 4.69 MPa and then decreased again. At a dis-
tance around 2× the thickness of the epoxy/solvent layer,
stresses and strains converged to the same value. In sum-
mary, we found that maximal strains increased by about
45 % while the maximal stress decreased by 43 % with the
appearance of a second local maximum. While in reality the
transition is less sharp and there probably exists a transition
zone, even if very thin, the trends shown here clearly indi-
cate that the solvent lowers the crack tip stresses through a
reduced modulus, similar in effect to crack blunting. This
phenomenon combined with the increased elongation at
break therefore effectively stops crack propagation. Thus
the initially observed high crack propagation rate preceding
crack stabilization, is due to the time it takes for the sol-
vent diffusion to saturate a sufficiently thick zone around
the crack tip.

Epoxy with Self-Healing Agent and SMA Wires

Fatigue on SMA Healed Samples

While we showed that solvent diffusion is responsible for
crack arrest under continuous fatigue testing, we also con-
sidered the case of a completely fractured sample using
quasi-static fracture toughness testing, followed by a rest
period to allow crack face bonding, in order to assess the
fatigue resistance of the healed matrix. In our previous
work, we showed that healing efficiency in quasi-static frac-
ture toughness testing for solvent based self-healing epoxy
can be as high as 80 % if SMA wires are used in an opti-
mized way [20]. As this value is directly dependent on the
fracture toughness of the healed material, as is crack growth
rate, we expect fatigue resistance to vary accordingly.

Therefore, after quasi-static fracture and healing through
90 min activation of the SMA wires followed by 24 h at
room temperature, we subjected TDCB samples to different
�K loading conditions under fatigue. We also tested unfrac-
tured virgin TDCB samples with the same activation time
of the SMA wires as a control group. Results are found in
Fig. 8. Unsurprisingly, the virgin samples, where the SMA
wires were activated prior the fatigue testing, resisted very
well to the chosen loading conditions. As seen beforehand,
samples without SMA wires failed eventually at loads above
�K = 0.50 MPam1/2. Here, samples with SMA wires,
activated for 90 min, did not show any crack progression
even at �K = 0.54 MPam1/2. Note that a slight “negative”
crack propagation was often observed, in the order of 1 mm,
and we attribute this effect to a slight signal drift in the
load cell.
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Fig. 5 (a) Geometry and
boundary conditions of the
crack tip model. A stress of
1 MPa is applied to the top
boundary while the bottom
boundary is clamped. The crack
tip notch protrudes by 1/4 of the
width of the geometry. (b)
Detailed representation of the
crack tip showing the two
material regions. The inner,
4 µm wide region, has a lower
modulus as compared to the
bulk. Stress and strain will be
computed along the path
between location 1 and 2

(a)

Overview over geometry

(b)

Zoom of crack tip

For the samples which were fractured in the quasi-static
tensile test, then healed 90 min through SMA activation
and tested the following day, slightly lower fatigue resis-
tance was observed. For a load of �K = 0.50 MPam1/2,
crack growth occurred and the sample was fractured rapidly
after 13 000 cycles. The latter sample almost instantly

cracked by 1 mm, then continued at a steady crack growth
rate, stabilized for about 1 000 cycles but finally crack
growth resumed and rapidly changed to unstable crack
growth, characterized by the steep slope before failure.
For lower stress intensities, no crack progression was
observed.
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Fig. 6 Equivalent von Mises
stress distribution around the
crack tip for the (a) pure epoxy
case as well as the (b)
solvent-affected epoxy. Mind
the different color map scales

(a)

Stress in pure epoxy

Stress in epoxy/solvent

(b)

Low-Cycle Tests with Rest Periods

After investigating continuous fatigue testing on virgin and
healed samples, we also characterized the effect of rest peri-
ods during low-cycle fatigue tests. The tests were conducted

on samples with or without SMA wires at a stress inten-
sity of �K = 0.50 MPam1/2 and the rest periods were
10 min, 2 h and 24 h. 10 min was chosen as a control
as this duration is insufficient for significant bonding to
take place. 2 h was chosen as this was in the order of the
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Strain for epoxy and epoxy/solvent

Stress for epoxy and epoxy/solvent

(a)

(b)

Fig. 7 (a) Strains and (b) stresses along the middle section as defined
by the path shown in Fig. 5(b)

observed time for crack arrest. Finally 24 h is known to
be sufficient time for maximal healing efficiency in static
testing. In Fig. 9, representative results for 10 min and 2 h
rest periods are shown. In all results discussed hereafter,
the crack progression during the first 20 000 cycles was at
least 5 mm.

After the 10 min rest period on samples without SMA
wires, no significant effect on the overall trend of the crack
progression was observed while with SMA activation, crack
arrest was observed. Please note that after the rest period,
a small jump (positive or negative) in crack length, in the
order of 1–2 mm, was often measured. The phenomenon
is a data artifact due to the setup but it does not alter the
interpretation of the results as the trends before and after the
rest periods are considered.

For the 2 h rest period, crack arrest occurred with
and without the activation of the SMA wires for these

Virgin samples. No previous test

Healed samples. Fractured followed by SMA activation

(a)

(b)

Fig. 8 (a) Virgin and (b) healed TDCB samples loaded with 15 wt%
EPA microcapsules and integrated SMA wires tested at different stress
intensities without break

samples. In case of a 24 h rest period, a significant reduc-
tion of crack length was observed at the beginning of the
test. The stiffening of the sample was caused by healing.
However, crack progression was fast and the healed material
broke within about 5 000 cycles, after which the same trend
as before the rest period was observed. If the SMA wires
were activated for 90 min with a total rest period of 24 h,
the same behavior as found in samples that were statically
broken, then healed through SMA wires was observed with
no crack progression during fatigue testing after the rest
period.

The results are summarized in Fig. 10. Per set of param-
eters, on average 5 samples were tested and clearly longer
rest periods as well as SMA activation improve the fatigue
response.
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10 min rest period

2 h rest period

(a)

(b)

Fig. 9 Comparison of the effect of rest periods (marked with an “x”)
on low-cycle fatigue testing of PC1 epoxy. For (a) 10 min rest periods,
no effect was observed unless the SMA wires were activated. For (b)
2 h rest periods, crack arrest was observed with or without SMA wire
activation

High Temperature Post-Cured Epoxy

Quasi-Static Testing

The above findings are based on an under-cured resin, as
was successfully demonstrated in static self-healing tests.
Nonetheless, we showed in Section Fatigue Behavior of
Epoxy Matrix with Embedded Self-Healing Agent that
in the case of fatigue testing, enhanced fatigue life was
observed even when continuously loading the samples,
which inhibits crack face joining as is the case in static
healing. In this section we therefore investigate the healing
response of high-temperature cured epoxy.

First, we measured healing efficiency in static fracture
toughness testing of this high-temperature cured epoxy

Fig. 10 Effect of rest period and SMA activation on crack propaga-
tion. The relative number of observed incidences of no effect/crack
arrest/crack reduction are plotted against rest time and SMA activation

(PC2) and the results are found in Table 2. Unsurprisingly,
the healed maximal force was very low for the PC2 epoxy
as compared to the under-cured epoxy. The resulting heal-
ing efficiency dropped from 92.5 % to 10.7 % for the PC2
epoxy. The degree of cure for this PC2 epoxy was about
95 % and therefore the residual monomer concentration is
too low to effectively bond the fracture face.

Fatigue Testing

Next, we subjected PC2 epoxy samples with EPA micro-
capsules to different stress intensities for 300 000 cycles.
The results are found in Fig. 11. Only at a stress inten-
sity of �K = 0.35 MPam1/2, very slow crack progres-
sion was measured. For higher stress intensities, samples
showed stable crack growth followed by fast, unstable crack
growth prior fracture. Compared to the previous results
of PC1 epoxy, where fracture only occurred for �K =
0.56 MPam1/2, we can conclude that the higher curing tem-
perature not only inhibits static healing, but also inhibits the
crack arrest phenomenon observed for PC1 epoxy.

This finding suggests that the higher degree of cure of
the epoxy also completely inhibits the diffusion of the sol-
vent into the matrix. Therefore we measured weight uptake

Table 2 Healing efficiency of PC1 & PC2 samples during TDCB tests

Post-cure Fmax [N] Fheal [N] Healing efficiency [%]

PC1 81.9 ± 13.0 74.9 ± 8.2 92.5 ± 11.20

PC2 87.5 ± 7.1 9.3 ± 1.3 10.7 ± 2.0
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Fig. 11 Fatigue response of TDCB samples subjected to differ-
ent stress intensities. Crack progression was higher as compared to
under-cured epoxy for the same applied loads

of PC2 epoxy samples of 9.7 mm diameter and a height of
4.9 mm (ca. 0.42 g) immersed in EPA solvent, as previously
carried out for PC1 epoxy [20]. The results are averaged
over at least 3 samples and reported in Fig. 12, along with
our previous results for PC1 [20]. After 20 days, the PC1
epoxy had absorbed 4.50 % while the PC2 epoxy increased
in mass by 0.02 %. Almost no solvent uptake took place in
the cured epoxy.

With respect to the discussed healing mechanisms of
reaction of residual monomer and crack pinning through
local plasticization, it is therefore clear that in fully cured
samples, no sizable healing or crack retardation could be
observed. This confirms the beneficial effect of solvent
diffusion in PC1 samples.

Fig. 12 Mass increase of under-cured (PC1) and almost fully cured
(PC2) epoxy immersed in EPA solvent

Conclusion

A self-healing epoxy with EPA solvent-filled UF microcap-
sules and SMA wires was tested in fatigue. Complete crack
arrest was observed for very high loading conditions and
this phenomenon was attributed to the reduced stresses in
the crack tip due to solvent diffusion. FEM modeling of
the crack tip confirmed a decrease in stress when the epoxy
matrix presented a lower modulus due to solvent-induced
plasticization. Therefore, in an under-cured epoxy matrix
with solvent-filled microcapsules, there exists a threshold
stress intensity below which crack progression eventually
stops while above, the diffusion rate cannot compete with
the crack progression and a more classical behavior was
observed. We also showed that SMA wires do help restore
the fatigue life of a fully broken sample. If rest periods are
respected, we showed that at high loading conditions, crack
arrest was observed only if the rest duration was at least
2 h. With SMA activation, already 10 min breaks were suf-
ficient to arrest cracks at the same stress intensity. Finally,
for a fully cured epoxy, we also showed that the solvent-
based healing system neither mends statically fractured
crack faces, nor induces crack arrest during fatigue testing,
though for different reasons. In the static case, both the low
diffusion rate and the low residual monomer concentration
are responsible for the very low healing efficiency, while in
case of dynamic testing, the inhibition of solvent diffusion
through the fully cured epoxy network impedes the crack
arrest phenomenon observed in under-cured epoxy.

We therefore conclude that embedding solvent filled
microcapsules into a glassy polymer matrix can have ben-
eficial effects on fatigue resistance without relying on a
self-healing effect. Rather the local diffusion and plasti-
cization of the matrix are responsible for crack arrest in an
otherwise brittle matrix.
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