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Abstract

A self-healing fiber-reinforced structural polymer matrix composite material is demonstrated. In the composite, a microencapsulated

healing agent and a solid chemical catalyst are dispersed within the polymer matrix phase. Healing is triggered by crack propagation through

the microcapsules, which then release the healing agent into the crack plane. Subsequent exposure of the healing agent to the chemical

catalyst initiates polymerization and bonding of the crack faces. Self-healing (autonomic healing) is demonstrated on width-tapered double

cantilever beam fracture specimens in which a mid-plane delamination is introduced and then allowed to heal. Autonomic healing at room

temperature yields as much as 45% recovery of virgin interlaminar fracture toughness, while healing at 80 8C increases the recovery to over

80%. The in situ kinetics of healing in structural composites is investigated in comparison to that of neat epoxy resin.

q 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Brittle polymers and the structural composites made

from them are susceptible to microcracking when subjected

to repeated thermomechanical loading. For structural

composites, these matrix microcracks coalesce and lead to

other damage modes including fiber/matrix debonding and

ply delamination [1–3]. Long-term degradation of material

properties results and much effort is directed towards

reliable damage prediction and property degradation

models. This damage is difficult to detect and even more

difficult to repair because it often forms deep within the

structure. Once this damage has developed, the integrity of

the structure is greatly compromised.

Currently, composite parts that have been damaged in

service are first inspected manually to determine the extent

of damage. For critical parts, this inspection may include

non-destructive testing (NDT) techniques as ultrasonics,

infrared thermography, X-ray tomography, and computer-

ized vibro thermography [4]. If the damage is too severe the

structural component is replaced entirely. For less extensive

damage, repairs are attempted. If localized delamination has

occurred it may be repaired by injecting resin via an access

hole into the failed area. Another common repair method is

the use of a reinforcing patch bonded or bolted to the

composite structure. Numerous studies regarding these and

other composite repair methods have been published

[5–12], yet all require time-consuming and costly manual

intervention by a trained technician.

Recently, a self-healing polymer was developed [13] that

offers promise in significantly extending the life of

polymeric components by autonomically healing micro-

cracks whenever and wherever they develop. The concept is

shown in Fig. 1 in which healing is accomplished by

incorporating a microencapsulated healing agent and

catalytic chemical trigger within an epoxy matrix. An

approaching crack ruptures embedded microcapsules

releasing healing agent into the crack plane through

capillary action. Polymerization of the healing agent is

triggered by contact with the embedded catalyst, bonding

the crack faces. This approach has yielded remarkable

performance in neat resin samples where ca. 90% recovery

of virgin fracture toughness is achieved [14].

Transitioning these promising results from neat resins to

structural (fiber-reinforced) composites is challenging.
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Previously, it was shown that healing of delaminations

could be self-activated by incorporating the same catalytic

trigger within the matrix of a fiber-reinforced composites

[15]. In situ polymerization kinetics was shown to play a

crucial role in determining the degree of repair achieved.

Here, we demonstrate a fully self-healing structural

composite system utilizing the concept shown in Fig. 1.

The focus of this study is the repair of delamination damage

in double cantilever beam (DCB) specimens.

2. Experimental methods

2.1. Materials

There are several constituent materials which, when

combined, function as a self-healing materials system:

healing agent, microcapsule shell, chemical catalyst,

polymer matrix, and fiber-reinforcement. The healing

agent used in this study was dicyclopentadiene (DCPD)

monomer which possesses low viscosity and excellent shelf

life when stabilized with 100–200 ppm p-tert-butylcate-

chol. The healing agent was encapsulated in poly-urea-

formaldehyde by in situ polymerization [13] to yield

microcapsules with a mean diameter of 166 mm. Fig. 2

shows a typical size distribution of microcapsules from the

in situ polymerization process.

The catalyst that was used is bis(tricyclohexylpho-

sphine)benzylidine ruthenium (IV) dicholride (Grubbs’

catalyst). Grubbs’ catalyst initiates a ring-opening-metath-

esis-polymerization (ROMP) of DCPD and produces a

tough, highly cross-linked polymer. Thermal decomposition

of Grubbs’ catalyst occurs above 120 8C as determined by

DSC analysis [16].

An epoxy polymer matrix (EPON 828, Miller–Stephen-

son Chemical Co.) was used to fabricate the composite

materials used in this study. In the previous work [16], it

was shown that exposure of Grubbs’ catalyst to a primary

amine curing agent leads to some degradation of chemical

activity of the catalyst. Although adjusting mixing order and

curing time can mitigate this degradation, alternative curing

agents were investigated for this study. A tertiary amine

system (Ancamine K54, Air Products and Chemicals) was

selected that shows little chemical interaction with Grubbs’

catalyst. A high molecular weight epoxy flexiblizer (Heloxy

71, Shell Chemical Company) was added to the formulation

to improve the toughness of the matrix and to improve

subsequent crack growth stability.

Carbon fiber-reinforcement was used to form a structural

composite material. The fiber was incorporated in the form

of a plain weave fabric (Fibre Glast Development Corp.)

constructed with 3 K tows in a 12.5 £ 12.5 (tpi) plain weave

architecture yielding plies with 193 g/m2 arial weight.

2.2. Composite panel manufacturing

Composite panels were manufactured by hand lay-up and

compression molding. Sixteen 305 mm £ 230 mm rec-

tangles were cut from the carbon fabric and the edges

Fig. 1. The self-healing concept [13]. A microencapsulated healing agent is

embedded in a structural composite matrix containing a catalyst capable of

polymerizing the healing agent. (i) Cracks form in the matrix wherever

damage occurs. (ii) The crack ruptures the microcapsules, releasing the

healing agent into the crack plane through capillary action. (iii) The healing

agent contacts the catalyst, triggering polymerization that bonds the crack

faces closed.

Fig. 2. Size distribution of microcapsules of DCPD prepared by the in situ

polymerization technique and used in the manufacture of composite panels.
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were taped with 25 mm polyester tape (Airtech Inter-

national) to prevent fraying of the fabric.

Epon 828 was then mixed with Heloxy 71 flexibilizer at a

concentration of 5:3 (by wt) epoxide to flexibilizer.

Ancamine K54 was added at a concentration of 10:100

(by wt) curing agent to the epoxide–flexibilizer mixture.

For some of the samples, a portion of the resin was set aside

and used for impregnation of the central fourfabric layers.

Into this portion of the resin was mixed 5 wt% Grubbs’

catalyst, which was first ground with a mortar and pestle in a

nitrogen filled glove box. For self-healing samples DCPD-

filled microcapsules were slowly mixed with the resin at a

concentration of 20 wt% before it was used to impregnate

the central fabric layers. Next, the resin was degassed in a

vacuum chamber for approximately 15 min to thoroughly

remove entrapped air bubbles.

During panel lay-up the first six (of 16) carbon fabric

plies were impregnated with the unfilled resin mixture using

a hard plastic applicator. The resin for the next four fabric

layers was applied with a 50 mm brush to prevent rupture of

the microcapsules during resin application. In the middle of

these four layers, a 13 mm thick Teflonw film (Norton

Performance Plastics) was placed to create the initial

delamination crack. The final six plies were impregnated

and stacked on top to create a 16-ply panel. The panel was

then placed between two aluminum plates covered with

release film and compressed in a tetrahedron (MTP-14) hot

press at 2225 N (yielding 31.7 kPa compaction pressure) at

25 8C for 24 h. Cured panels were then placed in an oven for

post cure at 30 8C for 48 h. The resulting panels had a

nominal thickness of 6 mm after cure.

2.3. Fracture specimens

In laminated composites and adhesives the DCB speci-

men is commonly used to measure interlaminar fracture

toughness. For many materials and testing conditions it is

particularly difficult to measure crack length and in these

cases it is desirable that the energy release rate remains

constant with crack length. By contouring the width of the

standard DCB specimen appropriately, the energy release

rate becomes independent of crack length. These width-

tapered (WTDCB) specimens, first introduced by Mostovoy

[17,18] have been used by a number of investigators to

measure Mode I interlaminar fracture toughness [19–28].

By applying standard beam mechanics to the specimen

sketched in Fig. 3 (neglecting the untapered regions)

together with linear elastic fracture mechanics of the

delamination along the mid-place, the stress intensity factor

of the specimen can be expressed as

KI ¼ 2Pk

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3

ð1 2 n2Þh3

s
ð1Þ

where P is the applied load, k is the taper ratio ða=bÞ; h is the

specimen half-thickness, and n is the Poisson’s ratio. The

only unknown variable in this equation is P and the fracture

toughness can therefore be directly related to the critical

load measured during crack propagation. This equation

Fig. 3. Geometry of the WTDCB specimen used in the fracture experiments. A Teflonw insert is included to initiate a delamination along the specimen

midplane of length a: A non-tapered region (25.4 mm) at the end of the specimen is included for crack arrest.
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holds for specimens in which the bending stiffness is large

enough to substantiate the assumptions of 1D beam

mechanics and for regions removed from the end of the

specimen where edge effects begin to dominate. For the

present case a non-linear finite element study was performed

to validate the use of Eq. (1) for the material system

investigated.

Composite panels were machined into the WTDCB

geometry shown in Fig. 3 yielding 6–7 specimens per panel.

The Teflonw insert extended for approximately 60 mm

along the midplane of the specimen. Two steel loading

blocks with through-holes for loading pins were bonded to

the end of each specimen with an epoxy adhesive (Epoxy

907, Miller–Stephenson Chemical Company).

A region of non-tapered length (25.4 mm) at the end of

the specimen was included as a crack arrest region to

prevent the specimen from breaking completely into two

pieces in the event of unstable crack growth. The additional

length is not believed to influence the behavior of the

specimen for crack lengths less than 105 mm.

Three different types of specimens were manufactured,

as shown in Fig. 4. Reference and self-activated specimens

were introduced in Ref. [15] and serve as experimental

controls. Healing in these specimens involves some form of

manual intervention, either injection of the healing agent

(self-activated specimens) or catalyzation and injection of

the healing agent (reference specimens). For self-healing

specimens, microcapsules and catalyst are directly

embedded in the matrix material and healing occurs

autonomically without manual injection.

Five groups of samples were tested as shown in Table 1:

one set of reference specimens, one set of self-activated

specimens, and three different sets of self-healing speci-

mens. One group of self-healing specimens was healed at an

elevated temperature to measure the influence of tempera-

ture on healing efficiency. While healed tests for most

specimens were conducted after more than 48 h post-

fracture, specimens from one group were tested at nine

different times after the virgin loading from 10 min to 48 h.

2.4. Testing procedure

WTDCB specimens were loaded in displacement

control at 5 mm/min in a calibrated MTS load frame

(Alliance RT/30) equipped with a 444.8 N load cell

(Transducer Techniques) using pin loading. In the initial

virgin loading cycle, the specimen was loaded until

the crack approached the end of the tapered region

ða ¼ 100 mmÞ: Load ðPÞ and load-point displacement ðdÞ

were recorded throughout the test using MTS TestWorksw

software (V. 4.05B). For the reference specimens, 3 ml of

DCPD was manually mixed with 30 mg of Grubbs’ catalyst

and injected using a syringe into the delamination with the

crack fully open at the end of the virgin loading cycle

(typically less than 1 ml was needed to adequately cover

the crack plane). For the self-activated specimens, only

Fig. 4. The three types of WTDCB specimens tested. (a) Reference specimen in which the healing agent is manually catalyzed and then injected into the

delamination. (b) Self-activated specimen where the catalyst is embedded within the polymer matrix and the healing agent is manually injected into the

delamination. (c) Self-healing specimen in which microcapsules of the healing agent and the catalyst are embedded into the polymer matrix and healing is

autonomic.

Table 1

Specimen types investigated

Variable Specimen type No. Catalyst

(%a,b)

Capsules

(%a,b)

Healing

conditions

Time

(h)

Temp.

Reference 6 0 0 24 RTc

Catalyst Self-activated 6 5 0 .48 RT

Microcapsules Self-healing 8 5 20 .48 RT

Temperature Self-healing 4 5 20 .48 80 8C

Time Self-healing 9 5 20 0–48 RT

a By weight.
b Resin used to impregnate central four plies of laminate.
c Approximately 25 8C.
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pure DCPD was injected into the delamination, since the

Grubbs catalyst had been incorporated previously into the

central layers of each specimen. For the self-healing

specimens, no manual intervention took place. Sub-

sequently, all specimens were immediately unloaded and

held closed with bar clamps (Quick–Gripsw, American

Tool). After a period of healing (typically 48 h unless

otherwise noted) the specimens were reloaded to failure

again while recording load and displacement.

2.5. Data reduction

A typical virgin load–displacement curve is shown in

Fig. 5 The behavior is linear up to the onset of crack

growth (at about 49 N). Upon further displacement, the

crack advances along the specimen midplane in short,

unstable jumps and arrests as reflected in the jagged

load–displacement curve (such stick-slip crack propa-

gation is common in brittle composites [29–32]).

Initiation toughness values are determined from the

peak loads prior to unstable fracture as revealed by the

sudden drop in the load level in the load–displacement

curve.

The degree of healing can be quantified by the healing

efficiency, which for the WTDCB specimen is equal to the

ratio of the critical loads necessary to propagate a crack

through the healed and virgin material,

h ¼

ffiffiffiffiffiffiffiffiffiffi
GHealed

IC

G
Virgin
IC

vuut ¼
KHealed

IC

K
Virgin
IC

¼
PHealed

C

P
Virgin
C

ð2Þ

For a given sample there are multiple values for PC and

hence KIC: An average healing efficiency for a given sample

can be defined by the ratio of the average of all critical load

values for the healed and virgin cases

havg ¼
Average½PHealed

C �

Average½P
Virgin
C �

ð3Þ

whereas the maximum healing efficiency is based on the

maximum critical load in the healed specimen, i.e.

hmax ¼
Max½PHealed

C �

Average½P
Virgin
C �

ð4Þ

The discrepancy between the average and maximum

healing efficiencies is reflective of variations in the degree

of healing within regions of the sample due for example to

uneven coverage of the fracture plane with healing agent or

local variation in catalyst exposure. The quantities havg and

hmax for each specimen in a group are then averaged and

compared across groups to evaluate how material com-

ponents or healing conditions influence healing efficiency.

3. Experimental results

3.1. Experimental controls

3.1.1. Reference specimens

The reference specimens serve as an experimental control

and provide an upper bound for the potential degree of healing

in a fully self-healing system. The healing agent is mixed with

the catalyst and then manually injected into the delamination

area. Delivery of the healing agent and chemical triggering of

polymerization are optimal under these conditions and the

degree of healing that is achieved is maximized.

Fig. 6 shows a typical load–displacement curve for a

reference WTDCB specimen for both the virgin and healed

tests. At the end of the virgin loading cycle the crack has

propagated along the specimen midplane from the initial

point (corresponding to the initial Teflonw insert) to a point

near the end of the tapered region. While the specimen is

still fully opened ðd ¼ 32 mmÞ the catalyzed healing agent

is injected into the delamination with a syringe and the

specimen is quickly unloaded, clamped closed, and allowed

to heal. Upon retesting, the loading curve for the healed

specimen follows the original loading curve until crack

propagation begins anew at P , 40 N. Crack advancement

Fig. 5. Data reduction procedure for WTDCB tests to obtain the average fracture toughness from load–displacement data.
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then occurs through the healed delamination region. One

interesting feature of the results is the stable and continuous

crack growth of the healed specimen compared to the erratic

stick-slip crack growth through the virgin material.

While the initial crack growth begins earlier for the healed

case when compared to the virgin loading cycle, the

maximum load is actually higher during crack advancement.

The healing efficiencies for the specimen shown in Fig. 7

based on Eqs. (3) and (4) are havg ¼ 101% and hmax ¼

111%: As shown in Table 2, the average of all the reference

specimen tests yield havg ¼ 99% and hmax ¼ 107%:

3.1.2. Self-activated specimens

The self-activated control specimens provide evidence

that the embedded catalyst remains active after manufactur-

ing of composite panels and is still capable of triggering

ROMP of the healing agent. Delivery of the DCPD healing

agent is performed manually by injection into the

delamination area.

Typical virgin and healed load–displacement curves for

a self-activated WTDCB specimen are shown in Fig. 7. The

virgin loading curve exhibits stick-slip behavior while

the healed loading curve is stable and continuous, as in the

reference samples. The load values are noticeably lower

than in the reference case indicating a decrease in the

inherent toughness of the self-activated specimens. The

average of all tests for self-activated specimens yields

havg ¼ 73% and hmax ¼ 82%:

Since the delivery of healing agent to the delamination is

optimal and manually controlled in the self-activated

specimens, the decrease in healing efficiency from that of

the reference case is due solely to issues associated with

interaction of the catalyst and healing agent at the fracture

plane. If the rate of polymerization of the healing agent is

slow compared to the bulk (reference case), some diffusion

of the healing agent into the epoxy matrix can occur and

incomplete coverage of the fracture plane results in a lower

healing efficiency. Retardation of in situ kinetics may occur

if the local concentration of catalyst exposed on the fracture

plane is low (through preferential failure along the

fiber/matrix interface for example). Further, evidence for

the retardation of in situ healing kinetics is provided in the

discussion of the results in Section 3.5.

3.2. Self-healing specimens

Reference control specimens established that the healing

agent is capable of achieving high levels of repair in the

composite material. Self-activated controls demonstrated

that the embedded catalyst is capable of polymerizing the

healing agent. Self-healing specimens represent the final

synthesis of the concept into a fully integrated system that

repairs the delamination autonomically.

Fig. 8 shows typical loading curves for a self-healing

specimen with 20 wt% microcapsule concentration. In the

virgin loading cycle, the load reaches a peak of about

45 N. In this particular specimen, at a displacement of about

Fig. 7. Typical loading curves for virgin and healed self-activated

specimens. [Note: unloading curves not shown.]

Table 2

Summary of WTDCB test results

Specimen type No. of samples KIC virgin avg.

(MPa m1/2)

KIC healed avg.

(MPa m1/2)

KIC healed peak

(MPa m1/2)

havg avg.

(%)

hmax avg.

(%)

Reference 6 3.58 (0.22)a 3.54 (0.14) 3.82 (0.20) 99 107

Self-activated 6 2.54 (0.12) 1.86 (0.09) 2.09 (0.13) 73 82

Self-healing (at room temp.) 8 2.85 (0.22) 1.08 (0.20) 1.29 (0.25) 38 45

Self-healing (at 80 8C) 4 2.79 (0.30) 1.83 (0.20) 2.23 (0.18) 66 80

a ^ 1 standard deviation.

Fig. 6. Typical loading curves for virgin and healed reference specimens.

[Note: unloading curves not shown.]
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26.5 mm, the delamination suddenly propagated to the end

of the specimen and the load dropped to zero. The

displacement was returned to zero and the two halves of

the specimen were clamped back together and allowed to

heal for 48 h. The subsequent reloading curve (healed)

reached a maximum load of 19.5 N before the specimen

ultimately broke in two pieces at a displacement of about

18 mm. Of the eight specimens tested, three fractured

completely before the test was halted; however, there was

no detectable correlation between healing efficiency and

whether the specimen broke completely in the initial

loading. The average of all the healing efficiencies for

self-healing specimens after healing at room temperature for

48 h are havg ¼ 38% and hmax ¼ 45%:

A typical virgin fracture surface for a self-healing

specimen is shown in Fig. 9 Where the fracture is primarily

interfacial between the fiber and the matrix (bottom right of

the image), there are few observable broken microcapsules.

In regions where crack propagation was confined to the

matrix (top left of the image) there are multiple broken

microcapsules present.

Catalyst clusters are also apparent on the fracture

plane. Fig. 10 shows two magnifications of a cluster of

Grubbs’ catalyst along with debris from the failure of the

specimen. These catalyst clusters and the high concen-

trations of microcapsules in the matrix are likely

contributing factors in unstable crack propagation in the

virgin loading cycle (Fig. 8).

A cross-sectional view of a self-healing specimen is

shown in Fig. 11 The central layers, which contain the

microcapsules and catalyst, are significantly thicker than the

surrounding layers. The average thickness of the central

four layers in Fig. 11 is 0.58 mm, while the average layer

thickness for the reference control specimens is 0.36 mm.

This increased thickness of the interlaminar region may be

the controlling factor in the reduction of virgin toughness

compared with the reference controls [33,34].

3.3. Influence of temperature on self-healing

Based on analysis of the cure kinetics of the ROMP of

DCPD in Ref. [35], we expect the temperature at which the

samples are healed to greatly influence the healing

efficiency. Healing at an elevated temperature increases
Fig. 9. Scanning electron microscope image of the fracture surface after

virgin testing of a self-healing specimen.

Fig. 8. Typical loading curves for virgin and healed self-healing. [Note:

Healing conditions ¼ 48 h at room temperature.]

Fig. 10. Scanning electron microscope image of the fracture surface after

virgin testing of a self-healing specimen showing catalyst particle

clustering.
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both the rate of polymerization and the ultimate degree of

cure for the healing agent. By increasing the rate of

polymerization, there is less chance for the healing agent to

evaporate or diffuse away from the crack plane. Addition-

ally, a higher degree of cure results in a polymerized healing

agent with superior mechanical and adhesive properties.

The virgin and healed loading curves for a self-healing

specimen that was allowed to heal at 80 8C for 48 h are

shown in Fig. 12. The virgin loading is characterized by two

large load drops, which correspond to rapid crack advance-

ment through the mid-plane. A peak load of 42 N occurs just

before the initial unstable crack propagation. The final load

drops to zero when the delamination propagates to the end

of the specimen. The specimen was then clamped shut and

placed in an 80 8C oven. The subsequent loading curve

results in a peak load of 33 N, nearly 1.7 times higher than

the peak healed load in Fig. 8, where an identical specimen

(same batch) was healed at room temperature.

The average of all the healing efficiencies for the self-

healing specimens healed at 80 8C are havg ¼ 66% and

hmax ¼ 80%: Clearly, an elevated healing temperature

increases the overall healing efficiency of the self-healing

material. The group average healing efficiency, whether

measured by the specimen-average critical load ðhavgÞ or by

the specimen-maximum critical load ðhmaxÞ; is nearly 1.7

times higher when the specimens were healed at 80 8C than

when they were allowed to heal at room temperature.

As a control experiment, neat DCPD was injected into a

delaminated reference specimen and the specimen was

clamped shut and placed in the 80 8C oven. After 48 h when

the specimen was removed from the oven, the specimen

showed no evidence of healing and was unable to carry load.

3.4. In situ healing kinetics

A conservative healing period of 48 h was used for all

tests to ensure full healing at room temperature conditions.

From independent studies of the cure kinetics of the healing

agent [35], it is clear that the in situ cure time will depend on

both the local catalyst concentration and the temperature at

which healing occurs. The time-dependent development of

healing efficiency at room temperature was measured for

one set of nine specimens manufactured from the same

batch. Each specimen was allowed to heal for varying

amounts of time from 10 min to 48 h. The resulting healing

efficiencies are plotted versus log time in Fig. 13. Initially,

no measurable healing could be detected until theal . 30

min; a time which correlates closely to the gel time at room

temperature [35] and with the in situ kinetics of the neat

resin [14]. As the healing time increases, the healing

efficiency increases rapidly until reaching a maximum at

theal ¼ 48 h:

While performing the experiments on specimens that had

been allowed to heal for 0.5–2.5 h, partially cured DCPD

strands were observed bridging the crack behind the crack

tip. Scanning electron microscopy of the fracture surface of

a specimen where theal ¼ 0:5 h is shown in Fig. 14. Present

Fig. 12. Typical loading curves for virgin and healed self-healing

specimens. [Note: Healing conditions ¼ 48 h at 80 8C.]

Fig. 13. Healed fracture toughness and healing efficiency vs. log healing

time at room temperature for self-healing specimens.

Fig. 11. Scanning electron microscope image of the cross-section of a self-

healing specimen.
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on the surface are several strands of poly(DCPD) that

bridged the two surfaces of the delamination before

ultimately rupturing and collapsing in a folded film on the

fracture surface.

3.5. Discussion of results

The recovery of interlaminar fracture toughness in a

delaminated self-healing structural composite is accom-

plished at room temperature in an autonomic fashion. With

no manual intervention a recovery of nearly 50% is

achieved. Upon elevating the temperature slightly to

80 8C, healing efficiency is dramatically increased to over

80%. This dependence on healing temperature indicates that

the healing efficiency is quite sensitive to temperature and

by inference, the in situ kinetics of curing. While

experiments on the self-healing matrix have shown ca.

90% recovery at room temperature conditions [14], the

structural composite version presented in this paper contains

a high thermal mass of reinforcing fibers and a lower mass

fraction of self-healing matrix. Both can contribute to a

lower local temperature at the crack face where healing is

initiated. Since the ROMP is an exothermic reaction, local

temperatures at the crack face may be slightly higher than

room temperature during healing. In this case, the composite

system would be expected to show a slightly lower

temperature during healing and thus, a retardation of in

situ healing kinetics. By analyzing Fig. 13 and the

corresponding data of the epoxy matrix [14] the time

constant of the initial healing curve yields 7.71 h21 for

the composite versus 6.43 h21 for the matrix alone, a

retardation of about 20%. Interestingly, the self-heating that

occurs naturally in polymers and polymer matrix compo-

sites during fatigue may prove to be beneficial in

accelerating the in situ cure kinetics and yield higher

healing efficiencies.

The reduction in virgin interlaminar toughness for the

self-healing composite material is believed to be due to two

affects: (1) increased interlaminar thickness due to size and

concentration of microcapsules, and (2) catalyst dispersion.

High microcapsule concentration (20 wt%) was used to

assure that adequate healing agent was available at the site

of the delamination. As a result, the viscosity of the resin

that was used in the central four layers of the composite lay-

up was quite high and it was difficult to apply the resin with

a single layer of capsules. The average thickness of the

central layers was almost 60% higher than the outer layers

(which did not contain catalysts and microcapsules). It is

well known that the increased thickness of the interlaminar

region leads directly to lower toughness. As a preliminary

investigation of this affect we tested samples that contained

10 wt% microcapsules in the resin for the central layers and

found that the virgin toughness was increased 21% to

3.45 MPa m1/2. This shows that the high loading of

microcapsules is responsible for part of the reduction in

virgin toughness.

Self-activated specimens which contained the catalyst

alone also showed a reduction in virgin toughness. Post-

fracture observations of the delamination plane revealed

evidence of agglomeration of catalyst particles (Fig. 10).

Fig. 14. Scanning electron microscope image of the healed fracture surface of a self-healing specimen tested after 30 min healing time.
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While the bonding to the catalyst particles is quite good, the

core of the particle clusters is largely dry and indicates that

the resin was not able to infiltrate these clusters. Conse-

quently, these clusters are weak in the fracture plane and

lead to a lowering of the virgin toughness. By lowering the

catalyst concentration and improving the dispersion of the

catalyst prior to composite lay-up these effects can be

mitigated. In addition, other methods of dispersing the

catalyst could prove beneficial such as attaching the catalyst

to the surface of the fiber or of the microcapsule itself.

Realizing that the matrix resin has been shown to be

significantly toughened (up to 127%) by the addition of

microcapsules [13,14] and, to a lesser extent, by the addition

of the catalyst phase [14], a toughened structural composite

material should be achievable with refinement of the

manufacturing and processing techniques. In Ref. [14] a

maximum toughness in a neat epoxy matrix system was

achieved at 15 wt% capsule concentration with SEM

micrographs indicating a crack pinning toughening

mechanism.

4. Conclusions

A new structural fiber-reinforced polymer matrix com-

posite material has been demonstrated that can autonomic-

ally heal delaminations at room temperature, i.e. self-heal.

Width-tapered DCB specimens were manufactured by hot

pressing of woven graphite fiber preform and an epoxy

matrix. The central layers where the delamination was

introduced were filled with 20 wt% microcapsules of a

monomeric healing agent of DCPD and 5 wt% of a ROMP

catalyst (Grubbs’ catalyst). Freshly fractured specimens

were clamped shut with modest pressure and allowed to heal

at room temperature for 48 h. Upon retesting, the healing

efficiency as measured by the recovery of interlaminar

fracture toughness was found to be about 38% on average

with a maximum of nearly 45%. By elevating the healing

temperature to 80 8C, the healing efficiency increased to

66% on average with a maximum of over 80%. Experimen-

tal controls were tested in which the healing agent was

manually injected yielding 100% recovery, and where only

the catalyst was included in the polymer matrix giving 73%

recovery on average.

While the repair of large scale delaminations have been

shown to be feasible with the current materials system, the

targeted applications for self-healing are on a much smaller

scale. An important step forward in self-healing research is

the development of smaller microcapsules distributed

throughout the entire matrix phase and the evaluation of

healing under fatigue loading conditions. Small-scale

microcracking that appears in the matrix phase under

repeated thermomechanical loading eventually leads to

large-scale damage (e.g. delamination). Healing of micro-

cracks could delay or prevent large-scale damage in

structural composites.
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