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a b s t r a c t

A range of epoxy blends were investigated to determine their mechanical properties and suitability for
use as healing agents for the repair of fibre-reinforced polymer (FRP) composites. Key requirements for
an effective healing agent are low viscosity, and good mechanical performance. A base epoxy resin was
selected and blended with a variety of diluents and a toughening agent, and the physical and mechanical
properties of the resulting polymers were investigated. Single lap shear strengths of up to 139% of the
base epoxy values were demonstrated, while double cantilever beam testing showed specimens healed
with optimised epoxy blends can provide recoveries in fracture toughness of up to 269%, compared to
56% in specimens healed with the base epoxy resin. Cross-ply FRP laminate tensile specimens were used
to highlight the potential to recover stiffness decay caused by intraply cracking. Following infusion of the
damage via embedded vascules, the toughened epoxies were capable of providing complete recovery of
stiffness.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Self-healing materials have attracted a considerable amount of
research interest in recent years, with significant advances in both
intrinsic and extrinsic healing methods [1,2]. Healing mechanisms
have been developed for a range of host materials, ranging from
polymers [3e5] to cementitious materials [6]. Another area of
particular interest has been fibre-reinforced polymer (FRP) com-
posite materials, which are used widely in the aerospace and
renewable energy industries. Efforts to construct civil aircraft from
these lightweight materials are expanding in order to reduce fuel
consumption and CO2 emissions. Due to the complex damage and
failure mechanisms seen in FRPs [7], composite aircraft are
currently built with a high level of redundancy, reducing potential
structural mass savings. In the long-term, a shift from the current
philosophy of ‘no damage growth’ to a more advanced damage-
tolerant design approach is envisioned. The realisation of smarter

materials and structures will further this aim, with self-sensing and
self-repairing technologies being key areas of research.

Within the research developments of self-healing FRPs, the
vascular network [8e14] approach has largely dominated in recent
years. The laminar nature of composites makes the manufacture of
1- and 2-dimensional networks relatively simple [12,15]; 3-D net-
works have also been demonstrated [11,16]. Healing has been
achieved by both the injection of premixed healing agents [17] and
post-damage mixing of a 2-part system [18,19].

Despite a body of research into the nature of vascules them-
selves, their arrangement within FRPs and demonstration of their
healing performance, relatively little focus has been given to the
nature of the healing agent that is deployed via the network.
Dicyclopentadiene (DCPD), in combination with first generation
Grubbs' catalyst, was the first extrinsic healing agent used in FRPs
[20] and has been successfully proven in a variety of configurations
[21e23]. However, the high price of the Ruthenium catalyst and its
sensitivity to air and moisture prohibits use in larger scale appli-
cations. Cyanoacrylates [24] and polyesters [25] have recently been
considered as healing agents in FRPs, however the majority of
healing agents in use up to date have been epoxy based systems
[9,15,26e32]. Low viscosity is a key requirement for the healing
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agents in order to achieve effective infusion of damage. A variety of
non-reactive diluents such as ethyl phenylacetate (EPA) [26] and
acetone [9], as well as reactive diluents such as alkyl glycidyl ether
[27] have been used. In some cases commercially available low-
viscosity epoxies such as those used for resin infusion [15,28] or
potting compounds [29,30] have also been employed. However,
these epoxies are often unsuitable as structural materials or possess
other characteristics e.g. prolonged cure cycle, which make them
sub-optimal for use as healing agents in high performance com-
posite structures.

Herein we aim to demonstrate an epoxy resin optimised for use
as a healing agent for infusion of damage within FRPs via a vascular
network. The key requirements were identified as: (1) low viscos-
ity, to enable infusion into low-volume damage; (2) good
compatibility with the host matrix, to ensure effective re-bonding
of fracture surfaces; and (3) high toughness, to prevent further
damage in the healed region. Typical commercial low-viscosity, and
often low molecular weight, epoxies lack toughness in particular,
which is addressed here through the precipitation of toughening
particles into the resin and the use of reactive diluents. This
research, therefore, builds upon the existing body of research into
toughened epoxies by considering a DGEBA based resin system
with a carboxyl-terminated butadiene acrylonitrile (CTBN) adduct
[33e35].

A baseline diglycidyl ether bisphenol A (DGEBA) based resin
system, Epon 828 (Polysciences, Inc.), was investigated in combi-
nation with a range of reactive diluents and a toughening agent,
HyPox RA840 (Emerald). The studied reactive diluents were
D.E.R.736 from Dow Chemicals (a mixture of epichlorohydrin and
propylene glycol, (further referred to as A)) and poly(propylene
glycol)diglycidyl ether (further referred to as B). A summary of resin
constituents is provided in Fig. 1. Epon 828 was selected as a
baseline resin due to the absence of additives or diluents of un-
known concentration, as found in many commercial resin systems,
along with its fundamental similarity to a number of commercial
prepreg resin systems [36]. HyPox RA840 (further referred to as
RA840) is a DGEBA based resin system with a carboxyl-terminated
butadiene acrylonitrile (CTBN) adduct on 19% of epoxy monomers.
Upon reaction with the hardener (DETA), CTBN is displaced from
the epoxy monomer, which precipitates particles into the resulting
polymer and contributes to increasing the toughness of the cured
self-healing polymer.

Cured polymer blends were assessed for their degree of cure,
glass transition temperature (Tg) and lap shear strength, as well as

their capacity to recover strength and Mode I fracture toughness in
FRP double cantilever beam (DCB) specimens.

In order to demonstrate the healing capabilities that are possible
through optimisation of the healing agent, mitigation of transverse
damage was carried out with some resin blends within cross-ply
FRP laminate tensile specimens. FRPs can fail due to a variety of
causes, and certain failure modes can be distinctive such as fibre
failure, interlaminar failure (delaminations) or intralaminar failure
(fibre debonding or matrix cracking) [37]. Self-healing within FRPs
is currently limited to repairing the polymeric matrix material and
the main focus has been on the interlaminar failure due to the ease
by which this larger scale damage can be infused [26]. However,
matrix cracking is both the initiating point for delaminations and
also the mechanism by which delaminations migrate into adjacent
ply interfaces.

In order to determine the effectiveness of the new healing
resins developed herein, FRP specimens were designed to
encourage the controlled formation of damage which can then be
repaired by infusion of the resin blends. The first damage mode
for cross-ply laminates [38] (e.g. a laminate with a lay-up of [0�n/
90�m]s) is matrix cracking. With increasing load the density of
matrix cracking in the 90� layer increases, until a load is reached
that results in failure of the 0� fibres. Damage to the transverse
lamina results in a global stiffness reduction, which can be
mitigated by infusion and curing of a healing agent. While
manual injection of the healing resin is carried out here, the
vasculature could be employed as part of an autonomous healing
network. The development of such a system was outside the
scope of this work, however a system similar to the one described
by Norris et al. [39] or Minakuchi et al. [40] could be easily
implemented. In addition, future work is planned to use the
developed healing agent in conjunction with catalysts such as
scandium triflate [4]. As the healing agents are DGEBA based, a
similar encapsulation strategy as described by Ref. [5] could be
followed, enabling the use as an autonomous self-healing
solution.

2. Experimental

2.1. Materials

Poly(propylene glycol) diglycidyl ether, D.E.R 736 (Dow Chem-
icals) and diethylenetriamine (DETA) were purchased from Sig-
maeAldrich UK. Epon 828 was purchased from Polysciences, Inc.

Fig. 1. Chemical structures of (i) diglycidyl ether bisphenol A (DGEBA), (ii) carboxyl-terminated butadiene acrylonitrile (CTBN), (iii) epichlorohydrin, propylene glycol (D.E.R 736)
(A), (iv) poly(propylene glycol) diglycidyl ether (B), (v) diethylenetriamine (DETA).
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Europe. Hypox RA840 (Emerald) was provided by Hubron Speci-
ality Ltd. IM7/8552 carbon/epoxy and 913 E-glass/epoxy pre-
impregnated tape were purchased from Hexcel.

2.2. Differential scanning calorimetry

Resin blends were thoroughly mixed and approximately 10 mg
was quickly transferred to Tzero aluminium hermetic pans. A TA
Q200 DSC was used to study cure behaviour via modulated dy-
namic scans. A heating rate of 10 �Cmin�1 and a temperature range
of 0 �Ce250 �C was used. Nitrogen purge gas flow
rate ¼ 50 ml min�1. Tg values were obtained over a temperature
range of �30 �Ce200 �C with a heating rate of 3 �C min�1.

2.3. Viscometry

All viscosity readings were taken on a Brookfield DV-E
viscometer at 24 ± 1 �C. Blends were mixed thoroughly and read-
ings were taken before addition of the hardener until stable, with
final reported readings taken immediately after adding the hard-
ener component.

2.4. Tensile specimen manufacture & testing

Type IV tensile specimens were prepared according to ASTM D
638 [41]. Additive layer manufacturing was used to create a positive
mould from which silicone moulds were cast. Resin blends were
mixed, degassed and poured into the moulds before an aluminium
top plate was applied to ensure a flat surface. Specimens were
cured for 1 h at 45 �C and left for a minimum of 5 days at ambient
temperature before testing.

Testing was conducted on a Shimadzu AGS-X universal test
machine fitted with a calibrated 10 kN load cell at a rate of
20 mm min�1.

2.5. Single lap shear specimen manufacture & testing

Carbon fibre/epoxy unidirectional (UD) prepreg (IM7 8552,
Hexcel, UK) panels were manufacture by hand layup. A cure cycle of
60min at 110 �C followed by 120min at 180 �Cwas carried out, both
under 700 kPa pressure, as per the manufacturer's specifications.
Substrate panels were cut to size (75 mm � 135 mm � 2.8 mm, 20
plies) on a diamond coated saw. End tabs of the same material were
bonded using Elantech epoxy adhesive.

Bonding surfaces of each substratewere grit blasted and cleaned
prior to addition of the investigated healing agent. Two substrate
panels were then clamped and cured before cutting to final size
(75mm� 25mm� 2.8 mm). Specimens were found bymicroscopy
to have a bond thickness of approximately 50 mm. A schematic of
the specimen geometry can be seen in Fig. 2.

Testing was carried out with reference to ASTM D 5868 [42] and
AITM 1-0019 [43] on a Schenck Hydropuls PSA universal test ma-
chine fitted with a calibrated 75 kN load cell at a rate of
2 mm min�1. A lower test rate as indicated by the ASTM standard
was selected in order to compare to former tests. The initial grip to
grip separation during testing was 75 mm.

Lap shear strength (MPa) was calculated by dividing the failure
load by the bonded area, nominally 25 mm � 25 mm.

sSLS ¼ Pmax

w l
(1)

In which Pmax, w and l refer respectively to the failure load (N),
width (mm) and length (mm) of the bond area.

2.6. Mode I specimen manufacture, healing & testing

Carbon fibre/epoxy unidirectional (UD) prepreg (IM7/8552,
Hexcel, UK) panels (600 mm � 180 mm � 3.4 mm, 24 plies)
featuring a 15 mm release film insert were manufactured by hand
lay-up so as to result in an initial delamination length (a0) of
50 mm. A cure cycle of 60 min at 110 �C followed by 120 min at
180 �C, both under 700 kPa pressure in an autoclave, was carried
out, as per themanufacturer's specifications. Specimens were cut to
size (160 mm � 20 mm � 3.4 mm) on a diamond coated saw and
piano hinges were bonded onto grit blasted surfaces using an
Elantech epoxy cured at ambient temperature overnight as prep-
aration for testing. A schematic is provided in Fig. 3.

Testing was carried out according to ASTM D 5528 [44] on a
Shimadzu AGS-X universal test machine fitted with a calibrated
1 kN load cell at a rate of 5 mm min�1. Cracks were propagated for
approximately 50 mm. A Labview™ script was used to acquire the
delamination length via high resolution images (to an accuracy
greater than ±0.5 mm), displacement and load data.

Specimens were healed after the initial fracture via injection of
the healing resin onto the fracture surface. Specimens were then
taped closed and cured for 1 h at 45 �C and left for a minimum of 5
days at ambient temperature prior to repeat testing.

Load P (in N), displacement d (in mm), crack length a (in mm),
specimen width b (in mm) and specimen thickness t (in mm)
were used to determine Mode I strain energy release rate GIC (in
J m�2) via the modified beam theory (MBT) method [44]. A
compliance calibration factor (D) is used to correct for any rota-
tion at the crack front, which causes effective elongation of the
delamination (a þ jDj). D is determined from the gradient (m) and
intercept (c) of a plot of the cube root of compliance (C1/3) against
crack length:

D ¼
�
�
�
�

� c
m

�
�
�
�

(2)

Fig. 2. Schematic of the SLS specimens. Dimensions are given in mm.
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GIC ¼ 3Pd
2bða þ jDjÞ (3)

Healing efficiencies (z) are given as percentages in terms of
fracture toughness (GIC) and peak load (P).

zGIC
¼ GICHealed

GICPristine

(4)

zP ¼ PHealed
PPristine

(5)

2.7. Cross-ply manufacture, healing & testing

For ease of damage identification via back light illumination,
glass fibre-reinforced polymer composites were selected. Panels
(220 mm � 150 mm) of unidirectional 913/E-Glass (Hexcel, UK)
were manufactured by hand lay-up. The manufacturer's recom-
mended cure cycle of 125 �C for 1 h and 700 kPawas followed. Self-
healing specimens had a PTFE coated NiCr wire (The ScientificWire
Company) incorporated in a cut out of the 902/02 plies (refer to
Fig. 4) in order tomanufacture the vascular network (Procedure B as
described by Norris et al. [10]). This interface was selected in order
to assure that the transverse damage occurring in the 90 � plies will
intersect with perpendicular with the vascule. After cure, the wire
was removed and end tabs were bonded using Elantech epoxy
adhesive. Specimens were then cut to size on a diamond saw
(200 mm � 20 mm � 2.2 mm) (see Fig. 5).

Cross-ply laminates were tested with reference to ASTM D3039
[45] at a rate of 2 mm min1 on a Schenck Hydropuls PSA universal
testing machine equipped with a calibrated 75 kN load cell. Spec-
imens for healing were loaded to 15 kN (ca. 70% of the failure load)
and unloaded. Strain was measured on the central 50 mm of the
specimen using a video extensometer (Imetrum). The modulus was

determined on the loading (Epristine) and unloading (Edamaged) parts,
between 20 MPa and 100 MPa.

Prior to infusion of the healing agent, the edges of the specimens
were sealed. Healing agent was delivered to the vascular network
with a syringe pump (Nexus) for 10 min at a flow rate of
0.2 ml min�1, and the specimens were cured and retested. The
modulus was once again determined upon loading (Ehealed).

The healing performance was determined, as follows, in accor-
dance with Blaiszik et al. [1]:

z ¼ Ehealed � Edamaged

Epristine � Edamaged
(6)

3. Results & discussion

3.1. Polymer blends

Diethylenetriamine (DETA) was used to cross-link all blends
discussed herein. Hardener concentration was determined for each
blend based on epoxide-equivalent weight (EEW) calculations [46].
Concentrations of different epoxies and hardener used in each
blend are shown in Table 1. The effect of non-stoichiometric mixing
on resin properties will be investigated in future work.

Amine H eq: wt: ¼ Mw of amine
# active hydrogens

(7)

pph of amine ¼ Amine H eq: wt:� 100
Blend EEW

(8)

EEWs of resin blends were calculated as so:

Blend EEW ¼ Total wt:
wt:a
EEWa

þ wt:b
EEWb

þ wt:c
EEWc

(9)

where a range of EEWs was provided for a given healing agent, the
mean value was used.

Given that low viscosity was identified as a key characteristic of
any target healing resin, and the high viscosity of RA840
(440 000 cP), a maximum of 20 wt% RA840 was used. Tripathi et al.
[33] found that 20 wt% of CTBN within a DGEBA-based resin was
optimum for increasing toughness; thus, a similar value was tar-
geted for the blends presented herein. Rubber particles precipitated
upon curing of the Epon 828þ RA840 blend by DETA can be seen in
Fig. 6. Typical particles are approximately 50 mm in diameter.

3.2. Thermal analysis

Epon 828 has a recommended cure cycle of 7 days at ambient
temperature. Here, a cycle of 1 h at 45 �C followed by a minimum of
5 days at ambient temperature was used for all blends.

Fig. 3. Schematic depicting the hinged DCB specimens. The PTFE insert creates a precrack length (a0) of 50 mm from the point of loading. Dimensions are given in mm.

Fig. 4. Layup of cross-ply laminates. A 0.5 mm diameter vascule is placed such that it
will provide connectivity with any transverse damage formed in the 90� plies.
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Optimisation of the cure cycle was outside the scope of this work,
however, preliminary analyses indicated that significantly faster
curing is possible at higher temperatures. It is thought that higher
cure temperature will also result in higher Tg values. Further
investigation of alternative cure cycles will be carried out in the
future. Modulated DSC analysis was used to confirm complete
curing of all blends; plots are shown in Fig. 7.

The influence of diluent concentration on glass transition tem-
perature (Tg) was also investigated by DSC. Tg data are summarised
in Table 1. Tg drops rapidly as diluent concentration increases. This
observation is consistent with mechanical testing data showing
increasing ductility of the resulting polymers. In the case of A the
increased ductility is attributed to the reduction in chain length
caused by the mono-functional epoxy, epichlorohydrin, and

presence of the non-reactive diluent, propylene glycol [47,48].
Diluent B, poly(propylene glycol) diglycidyl ether, is a bifunctional
epoxy monomer which, due to its length and lack of bulky groups,
increases polymer chain flexibility.

3.3. Mechanical testing

3.3.1. Lap shear
Lap shear testing was carried out with reference to ASTM 5868

[42] and AITM 1-0019 [43]. Lap shear testing was selected as an
efficient method to screen a high number of candidate polymer
blends for lap shear strength and to investigate a mixed mode
loading condition on the adhesive layer [49]. This loading

Fig. 5. Cross-ply laminate geometry.

Table 1
Summary of properties of each epoxy blend.

Blend ID Epon 828 (wt %) HyPox RA840 (wt %) Diluent (wt %) Hardener concentration (pph) Tg (�C) Viscosity (cP)a Tensile Strengthb/MPa SLSc/MPa

A B

Epon 100 0 0 0 12 115 1900 73 ± 11 12 ± 0.4
EponRA840 80 20 0 0 10.8 105 2210 52 ± 4 21 ± 4
20A 60 20 20 0 10.6 82 1203 52 ± 8 18 ± 3
30A 50 20 30 0 10.5 48 680 62 ± 3 25 ± 1
40A 40 20 40 0 10.4 45 568 39 ± 6 29 ± 1
50A 30 20 50 0 10.2 9 357 14 ± 1 18 ± 2
20B 60 20 0 20 9.5 79 1416 32 ± 2 24 ± 28
30B 50 20 0 30 8.8 47 750 46 ± 8 28 ± 1
40B 40 20 0 40 8.1 42 702 48 ± 1 20 ± 1
50B 30 20 0 50 7.4 34 358 4 ± 0.3 8 ± 1

a All viscosity readings were carried out immediately after addition of the hardener at 24 ± 1 �C.
b ASTM D 638, minimum of 4 specimens.
c ASTM D 5868, minimum of 3 specimens.

Fig. 6. Particles of CTBN precipitated by 20 wt% HyPox RA840 within Epon 828 epoxy
resin hardened with DETA.

Fig. 7. Overlaid MDSC traces showing completion of resin cure after 1 h at 45 �C and 5
days at room temperature for Epon 828/RA840 50B. Equivalent plots were obtained for
all blends.
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condition, therefore, corresponds to a more realistic damage
propagation scenario in FRP structures.

Variation in single lap shear (SLS) strength as a function of
diluent concentration can be seen in Fig. 8 and Table 1. Introducing
20 wt% of the toughening agent RA840 showed an increase in SLS
strength to 148% of baseline Epon 828 values. SLS strength peaks at
29 MPa with 40 wt% of diluent A and at 28 MPa with 30 wt % of
diluent B, within Epon 828/RA840 (20 wt%). SLS decreases rapidly
after these peaks.

3.3.2. Mode I fracture mechanics evaluation
Determination of self-healing performance of epoxy blends was

carried out via double cantilever beam (DCB) testing according to
ASTM Standard D5528 [44]. Specimens were fractured, unloaded,
healed and retested to failure.

Table 2 provides a summary of pristine and healed DCB per-
formance, along with healing efficiency values, which are also
summarised in Fig. 9. Specimens healed with the baseline Epon 828
achieved a mean peak load healing efficiency (zP) of 84%, however,
the fracture toughness of the healed specimens was poor, just 56%
of the baseline material. Upon addition of 20 wt% of RA840
(Epon828þ RA840) these values improved to zP ¼ 169%, zGIC ¼ 87%
respectively, demonstrating the effectiveness of the additive at
increasing failure load. However, only a relatively small improve-
ment was seen with fracture toughness; from 56% recovery with
Epon 828 to 87% with RA840 toughened Epon 828.

Fig. 8. Influence of varying concentration of reactive diluents on single lap shear
strength of specimens bonded with RA840 toughened Epon 828. Baseline Epon 828
performance is included for comparison.

Table 2
Summary of peak load and fracture toughness values obtained from pristine and healed DCB specimens. A minimum of 3 tests were carried out per data point.

Blend ID Epon
828 (wt%)

HyPox
RA840 (wt%)

Diluent (wt%) Pristine Healed

A B Peak load
(P)/N

Initial fracture
toughness (GIC)/Jm�2

Peak load
(P)/N

Mean efficiency
(zP)

Initial fracture
toughness (GIC)/Jm�2

Mean efficiency
(zGIC)

Epon 100 0 0 0 42 ± 4 279 ± 21 37 ± 2 88% 158 ± 77 56%
EponRA840 80 20 0 0 44 ± 6 271 ± 35 76 ± 10 169% 235 ± 100 87%
30A 50 20 30 0 43 ± 1 294 ± 37 68 ± 2 159% 764 ± 24 270%
40A 40 20 40 0 43 ± 2 255 ± 4 60 ± 5 141% 680 ± 123 266%
50A 30 20 50 0 38 ± 3 285 ± 23 68 ± 2 180% 701 ± 75 246%
30B 50 20 0 30 40 ± 6 280 ± 63 71 ± 12 177% 762 ± 148 272%
40B 40 20 0 40 40 ± 3 299 ± 42 61 ± 6 152% 592 ± 176 198%
50B 30 20 0 50 43 ± 3 272 ± 5 57 ± 6 131% 552 ± 112 203%

Fig. 9. Influence of concentration of diluents A and B in Epon þ RA840 on healing efficiency in terms of i) initial fracture toughness (zGIC) and ii) peak load (zP). Baseline Epon data
are also included.
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Upon addition of reactive diluents A or B to the
Epon828 þ RA840 blend, mixed viscosity reduced significantly, as
shown in Table 1. This effect was seen to improve lap shear
strength up to a critical point (28 MPa) after which resin perfor-
mance fell rapidly, as shown in Fig. 8. DCB testing allows inves-
tigation of the impact of diluents on resin fracture toughness and
healing efficiency. Diluent loadings below 30 wt% were not
investigated as their viscosities were considered too high
(>1200 cP) for successful damage infusion within more realistic
composite specimens. The addition of 30 wt% of diluent resulted
in a sharp increase in zGIC. Further increasing diluent concentration
resulted in a reduction to zGIC relative to the peak obtained at
30 wt%. In terms of DCB failure load recovery, however, the impact
of diluent concentration was shown to be much smaller than in
the case of fracture toughness (Fig. 9). Increasing diluent con-
centration from 0% to 30% does not cause zP to vary significantly

from values seen in specimens healed with Epon þ RA840.
Therefore, it is apparent that the presence of RA840 can signifi-
cantly increase failure load recovery (from 87% with plain Epon, to
169% when 20 wt% of RA840 is also present), whereas the pres-
ence of diluents can significantly increase fracture toughness re-
covery from below 100% to over 250%.

Representative loadedisplacement behaviour for specimens
healed with Epon 828, 30B and 50B (Table 1) compared with a
baseline specimen can be seen in Fig. 10. Here, the brittle nature of
specimen failure when healed with the baseline resin (Epon 828) is
apparent. In comparison, the addition of 30 wt% of either diluent A
(30A) or B (30B) is seen to significantly increase ductility and lead
to stable crack propagation (Fig. 11), with high fracture toughness
recoveries of around 250%. At 50 wt% of diluent this ductility re-
mains, but lower healing efficiencies of 200% fracture toughness
recovery are obtained (Fig. 12).

Fig. 10. Representative load displacement plots of pristine IM7 8552 DCBs and specimens healed with Epon 828, RA840 toughened Epon 828 with 30 wt% of reactive diluent B (30B)
and RA840 toughened Epon 828 with 50 wt% of reactive diluent B (50B).

Fig. 11. i) Representative loadedisplacement plots for a DCB specimen before and after healing with 30B. A peak load recovery (zP) of 153% is observed. ii) Fracture toughness vs.
crack length for the same specimen before and after healing with 30B. A fracture toughness recovery (zGIC) of 250% is observed.
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4. Repair of transverse damage in cross-ply laminates

Cross-ply laminates vulnerable to the development of trans-
verse matrix cracking were used to further demonstrate the ca-
pacity for using the developed epoxy blends for repair of FRPs.

Manual infusion of the damage via a vascule was carried out in this
case. While outside the scope of this work, integration into an
autonomous healing system is feasible. Either using the vascule as a
pressure sensor [39] or an additional integrated strain sensor sys-
tem [40] could trigger the mixing and release of the healing agent

Fig. 12. i) Representative loadedisplacement plots for a DCB specimen before and after healing with 50B. A peak load recovery (zP) of 130% is observed. ii) Fracture toughness vs.
crack length for the same specimen before and after healing with 50B. A fracture toughness recovery (zGIC) of 203% is observed.

Fig. 13. i) Here the injection of dye penetrant (Ardrox 996 PA) through the longitudinal vascule results in ‘bleeding’ from the side of the specimen (via damage in the 90� plies),
demonstrating connectivity between the centrally located vascule and internal damage. ii) Transverse matrix damage spanning the test specimen width in a cross-ply laminate,
resulting from tensile loading. iii) Infusion of healing resin into a damaged cross-ply specimen.
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into the vascule. Then a heating solution such as an incorporated
resistive heatingmat could provide a localised healing solution. The
infusion of a low viscosity red dye penetrant (Ardrox 996 PA) clearly
visualised the connectivity between the vascule and the transverse
damage (Fig. 13 i).

Table 3 summarises the healing performance for the cross-ply
FRP laminate infusion tests. The resins 40A, 30B and 50B were
used to heal damage cross-ply specimens. Full recovery of stiffness
was achieved with all resin systems.

Section 2.7 provides details of specimen and test configuration.
The development of matrix cracking plays a crucial role in both
delamination initiation and migration in FRPs, and is therefore a
key target damage state for self-healing solutions. In the case of
DCB specimens [10] the vascule is located in the damage plane,
thereby ensuring easy wet-out of the fracture surface. However, in
the case of the cross ply laminates, the damage intersects the
vascule perpendicularly. This intraply damage is much smaller in
volume than in the case of delaminations in DCB specimens,
therefore, the resin flow into these damage locations is perturbed in
comparison to that in DCBs. This limited connectivity between
vasculature and damage, combined with trapped air in some lo-
cations, gives rise to incomplete infusion during healing, and is
responsible for the high standard deviations observed for the
achieved healing efficiencies.

The investigated healing agent blends were observed to fully
recover stiffness in all cases. Thus, healing agent formulation and
selection will be driven more by requirements for failure strength
and fracture toughness performance alongside physical and pro-
cessing characteristics e.g. viscosity, cure kinetics, Tg.

5. Conclusions

It was found that by addition of 20 wt% of HyPox RA840 to Epon
828 epoxy, the precipitation of 50 mm diameter toughening parti-
cles significantly improved the tensile strength in single lap shear,
and fracture toughness in Mode I double cantilever beam tests.
From a constant concentration of 20 wt% HyPox RA840, increasing
the concentration of a reactive diluent (Dow Chemicals' D.E.R 736
(A) or poly(propylene glycol) diglycidyl ether (B)) while reducing
the concentration of Epon 828 showed to increase polymer
ductility, resulting in an increasingly ductile failure in Mode I (DCB)
testing. DCB testing also revealed that the addition of these reactive
diluents significantly increased fracture toughness (GIC). It has been
demonstrated that the investigated epoxies are highly effective at
repairing DCB specimens. Furthermore, the potential for full re-
covery of stiffness in specimens affected by transverse matrix
damage was demonstrated by the infusion of cross-ply FRP lami-
nates with the developed healing agent blends.

Overall, blend 30B (20wt% HyPox RA840, 50wt% Epon 828, 30wt
% diluent B) was found to offer the best range of physical and
mechanical properties; fulfilling the requirement for low viscosity
while offering high strength and toughness. Therefore, the inves-
tigation and optimisation of this polymer blend has identified the
true potential to realising high performance vascularised self-
healing FRP composites, via an extrinsic method [39,40].
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