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Abstract

A study of the healing of delamination damage in woven E-glass/epoxy composites is performed. With the ultimate goal of self-healing in
mind, two types of healing processes are studied. In the first a catalyzed monomer is manually injected into the delamination. In the second a
self-activated material is created by embedding the catalyst directly into the matrix of the composite, then manually injecting the monomer.
Healing efficiencies relative to the virgin fracture toughness of up to 67% are obtained when the catalyzed monomer is injected and about
19% for the self-activated materials. Scanning electron microscopy is used to analyze the fracture surfaces and provide physical evidence of

repair. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

No matter how carefully structural materials are designed
and manufactured, all will eventually fail either by a cata-
strophic event or through natural degradation. Recently a
novel approach to the later problem was reported in Nature
[1]. The article describes a material with the ability to heal
itself autonomically, i.e. a self-healing material. Such mate-
rials are capable of resisting and slowing down the natural
degradation process, thereby prolonging their useful service
life.

The self-healing concept [1] is shown in Fig. 1. A mono-
mer healing agent is stored in microcapsules that are
dispersed throughout a polymer matrix. When damage
occurs, a crack propagates through the material and breaks
open the microcapsules, thereby releasing the healing agent
into the crack by capillary action. Once in the crack plane,
the healing agent contacts an embedded catalyst triggering a
ring-opening metathesis polymerization (ROMP) that effec-
tively bonds the crack faces closed.

This paper reports on initial studies using a self-healing
polymer as the matrix material of a polymeric structural
composite. In particular, we report on the healing of inter-
laminar fracture damage in woven composites. Interlaminar
fracture (delamination) often occurs in composites as a
result of low energy impact or manufacturing defects. It is
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difficult to detect and repair because the defect is typically
confined to subsurface locations. Once delaminations are
present, they can grow when the structure is loaded [2].
Additionally, interlaminar fracture can initiate from regions
of stress concentration such as holes or resin micro-cracks
and then proceed by delamination [3].

Woven composites are an ideal candidate for the use of a
self-healing polymer matrix because of the architecture of
the reinforcement. Large resin rich areas are formed in
woven composites by the interlacing of undulating warp
and fill yarns [4]. These interstitial areas serve as natural
sites for storage of the microcapsules (50—100 wm
diameter) used in self-healing polymers since their presence
will not disrupt the inherent undulation of the fiber tows (as
would occur for unidirectional fiber tows). Depending on
the architecture of the weave and the fiber volume fraction, a
large number of microcapsules can be stored in the inter-
stitial regions without significantly changing the bulk mate-
rial properties of the composite.

The development of a self-healing composite is funda-
mentally more difficult than the self-healing polymer
reported in Ref. [1]. Although resin micro-cracks can be
healed similarly, the presence of the fiber reinforcement
increases the number of damage modes and the complexity
of the healing process. In this paper we report on initial
studies assessing the efficiency of the self-healing concept
shown in Fig. 1 for healing interlaminar fracture damage in
woven composite materials. The materials used in this study
and the experiments performed are described first, followed
by a detailed discussion and presentation of the results.

1359-835X/01/$ - see front matter © 2001 Elsevier Science Ltd. All rights reserved.
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Fig. 1. The self-healing concept. An encapsulated healing agent is embedded
into a structural composite matrix containing a catalyst capable of polymeriz-
ing 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 cata-
lyst resulting in polymerization that bonds the crack faces closed.

2. Experimental

While achieving in-situ self-healing in a structural
composite is our ultimate goal, we have approached the
problem in a more focused and evolutionary manner.
First, it must be established that the healing agent system
is capable of achieving reasonable levels of repair in the
composite material. This is accomplished by manually
injecting a catalyzed healing agent into the delamination
region of a composite specimen and mechanically testing
after the ROMP reaction is complete. The second step is to
show that the embedded catalyst remains active after
composite curing and is still capable of triggering the
ROMP polymerization of the healing agent. In this case,
the uncatalyzed healing agent is manually injected into the
delamination of a self-activated (embedded catalyst)
composite sample and mechanical testing of the sample
occurs after an appropriate time period. Third, it must be
confirmed that the embedded microcapsules rupture during
propagation of the delamination, thereby releasing the heal-
ing agent into the crack plane. Simply embedding micro-
capsules in a composite sample and examining the fracture
surface after testing can provide these data. The final
step is to combine each of these aspects into a fully
integrated in-situ system.

We report on the successful completion of the first two of
these aspects in this paper. Double cantilever beam (DCB)
testing [5] was used to provide a means of assessing the
healing efficiency of manual injection and self-activated
healing. DCB testing was first introduced for the evalua-
tion of adhesive strength [6] and has been extensively
used for interlaminar fracture studies in composite
materials since then [7—-19]. The specimen fabrication

procedure and experimental methods that were used are
presented first.

2.1. Specimen manufacture and preparation

An epoxy matrix was formulated by mixing EPON 8§28
(Miller-Stephenson Chemical Co.), a bisphenol-A based
epoxide, and diethylenetriamine (DETA) curing agent (Air
Products and Chemicals, Inc.) at a concentration of 12:100
(by wt.) curing agent to the epoxide. Both eight-harness
(8H) satin weave and plain weave E-glass fabric (Fibre
Glast Development Corp.) were used as reinforcement
(see Table 1). For two groups of samples bis(tricyclohexyl-
phosphine)benzylidine ruthenium (IV) dichloride (Grubbs’
catalyst) was mixed with the epoxy resin at a concentration
of 1.75 wt.% and used to impregnate the center two fabric
layers. Grubbs’ catalyst was supplied by Strem Chemicals,
Inc. in the form of a fine purple powder.

Dicyclopentadiene (DCPD) monomer stabilized with
100-200 ppm p-tert-butylcatechol (Acros Organics) was
used as a healing agent. DCPD is a clear, colorless liquid
with a viscosity of 0.736 cP at 21°C. When DCPD mixes
with Grubbs’ catalyst a ROMP reaction is triggered result-
ing in poly(DCPD), a thermosetting polymer. This ROMP
reaction is rapid at room temperatures and is completed
within 1-5 min. Grubbs’ catalyst is highly reactive
for double-bond metathesis while exhibiting exceptional
tolerance to other functional groups [20].

Composite panels 300 mm X 300 mm were fabricated by
hand layup and compression molded. Panels consisted of 10
or 12 plies of fabric yielding a nominal thickness of 5 mm
after cure. A 13-pum thick Teflon film (Norton Performance
Plastics) was placed at the midplane of the panel to create
the initial delamination crack. Four types of double canti-
lever beam (DCB) specimens were made as described in
Table 1. For two groups of specimens Grubbs’ catalyst
was embedded in the composite matrix in two locations
for each specimen. First, 1.75 wt.% was mixed into the
resin that was used to impregnate the center two fabric
layers. Second, 50 mg (0.17 wt.%) or 100 mg (0.33 wt.%)
per specimen of catalyst was manually dispersed in a region
extending 75 mm beyond the Teflon insert along the
midplane. The panels were cured at room temperature for
24 h followed by 24 h at 40°C. The fiber volume fraction,
determined by matrix digestion [21], was measured to be 27
and 29% for the plain weave and satin weave specimens,
respectively.

Once the panels were cured, they were machined using a
water cooled diamond saw to produce DCB specimens
25 mm wide X 140 mm long X 5 mm thick. The Teflon
insert extended for approximately 64 mm along the
midplane of the specimen. A pair of hinge tabs was bonded
to the end of each specimen with an epoxy adhesive (Fig. 2).

2.2. Test procedure

The specimens were tested using an Instron Model
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Table 1
Types of specmen fabricated for DCB testing

685

Designation Catalyst Fabric

Layers

Fabric
architecture

Specimens

Reference plain
weave

E-glass,

10 oz/yd?,

0.014 in. thick,

16 X 14 plain weave

Self-activated plain Yes®

weave

E-glass,

10 oz/yd?,

0.014 in. thick,

16 X 14 plain weave

Reference satin
weave

E-glass,

9 oz/ydz,

0.008 in. thick,
57 X 54 8H satin

Self-activated satin Yes®

weave

E-glass,

9 oz/ydz,

0.008 in. thick,
57 X 54 8H satin

10

12

12

—
(=]

* 1.75% mixed with resin used to impregnate the center two layers of fabric, the equivalent of 50 mg (satin weave) and 100 mg (plain weave) was also
deposited along the midplane in a region extending 75 mm beyond the Teflon insert.

8500 + tensile test machine in displacement control at a
rate of 5 mm/min following the testing procedure of ASTM
standard D 5528-94a [5]. One edge of the specimen was
coated with a thin layer of white opaque fluid to aid in
visualization of the crack tip. Thin vertical lines were
marked every 1 mm to provide a reference for crack length

Fig. 2. Double cantilever beam specimen.

measurement. A traveling optical microscope was posi-
tioned on the side of the specimen to observe the crack tip
as it propagated during the test. A CCD camera connected to
the microscope was used to record optical images of the
crack position throughout the test. Fig. 3 shows the test
set-up along with a sample image from the microscope.

Specimens were initially loaded until reaching 40—
50 mm total crack opening displacement. Load and displa-
cement were recorded throughout the test, along with opti-
cal images of the crack tip position. At the end of loading
and with the crack fully open, the healing agent was injected
into the delamination area using a syringe. For the reference
group of specimens the DCPD healing agent was catalyzed
manually by mixing with 1.38 wt% Grubbs’ catalyst before
injection. For the self-activated (embedded catalyst) group
of specimens, only pure DCPD was injected.

After injection of the healing agent, the specimen was
unloaded and clamped closed. After a 48-h period of
healing, the unmarked edge of the specimen was coated
and then marked with vertical lines at 1 mm intervals. The
specimen was reloaded to 40—50 mm total crack opening
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Fig. 3. (A) DCB specimen during testing. (B) Microscope image of the DCB specimen during testing showing the crack tip position.

displacement and then unloaded while recording load,
displacement, and crack position.

2.3. Data reduction

The analysis of the double cantilever beam test is based
on linear elastic fracture mechanics and beam mechanics.
We begin by expressing the energy release rate in terms of
the sample compliance for displacement control [22]

1/0ll 1 ,dC
G=——|—|)=—P — 1
b(&a),s 2b da M

where Il is the potential energy of the specimen, b the
width, a the crack length, P the load, & the opening displa-
cement, and C the compliance (6/P).

It is common to assume that each arm of the DCB speci-
men acts as a cantilever beam. With this assumption and
using linear beam theory with Eq. (1), the mode I strain
energy release rate (Gy) becomes,

3Pé
G = 2ba*’ @
In practice Eq. (2) overestimates Gy because it neglects the
contributions of shear deformation and rotation that may
occur at the delamination front. In effect, the compliance
as calculated by linear beam theory corresponds to a speci-
men with a crack length of a + A, where A is the contribu-
tion from shear and rotation. The effective crack length is
then a* = a + A where A is determined by plotting the cube

root of the specimen compliance (8/P) versus crack length
(a) [23] as illustrated in Fig. 4. This approach to the analysis
of the DCB specimen is referred to as the modified beam
theory (MBT) method [5].

3. Results and discussion
3.1. Typical load—displacement results

Fig. 5 shows a typical load—displacement curve for a
DCB specimen. The behavior is linear up to the onset of
crack growth near the peak load of about 55 N. Upon further
displacement, the crack advances along the midplane in a
stable fashion and the load drops slowly. At the end of the
virgin loading cycle (6 = 40 mm), a mixture of DCPD and
Grubbs’ catalyst was injected into the delamination with a
syringe while the specimen was under load so that full
access was provided to the delamination. After injection
of the healing agent, the specimen was unloaded and
allowed to heal for 48 h. Upon retesting, the healed speci-
men closely follows the original loading curve until crack
propagation begins anew near the peak load of about 40 N.
Crack advancement then occurs through the healed region
as displacement increases until the healed loading curve
intersects the unloading curve of the virgin specimen (part
D in Fig. 5). At this point, the crack has advanced through
the entire healed region and further loading propagates a
new “virgin” crack.
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Fig. 4. Cube root of specimen compliance plotted versus crack length to obtain the crack length correction term A used in the modified beam theory method.
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Fig. 5. Typical DCB load—displacement curve for virgin and healed reference specimens (8H satin weave E-glass/epoxy): (A) crack propagation commences
for the virgin specimen ahead of the precrack; (B) loading of the virgin specimen is completed and a mixture of DCPD monomer and Grubbs’ catalyst
(1.38 wt.%) is injected with a syringe into the delamination. After injection, the specimen is unloaded and the delamination is closed; (C) crack propagation
commences for the healed specimen; (D) the crack has propagated through the entire healed region; (E) further loading creates a new “virgin” crack ahead of

the previously healed region.
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Fig. 6. Typical DCB loading curve for virgin and healed reference specimens (plain weave E-glass/epoxy).

3.2. Reference specimens

Samples in which the healing agent was manually
catalyzed before injection are designated as reference
specimens. The results of reference specimen testing are
believed to provide an upper limit for the healing effi-
ciency under ideal conditions and it provides a benchmark
for comparison to specimens in which the catalyst is
embedded in the matrix. Fig. 5 shows a typical loading
curve for an 8H satin fabric E-glass/epoxy reference
specimen.

The typical loading curve for a plain weave E-glass/
epoxy reference specimen is shown in Fig. 6. During
crack propagation for the virgin loading curve there are
several points where the load suddenly drops and the
crack jumps ahead. This stick-slip crack growth is erratic
and complex. It is referred to by Smiley and Pipes [10] as a
transition between ductile stable and brittle unstable crack
growth. Unstable crack propagation in brittle composites
has been reported in other literature [2-4,10—13,24].
Other authors [25,26] have related the stick-slip behavior
in woven composites to the weave structure. After complet-
ing the virgin loading cycle a mixture of DCPD and Grubbs’
catalyst (1.38 wt.%) was injected into the crack and the
specimen was unloaded. Retesting after 48 h of healing, a
stable crack propagation was exhibited throughout the
healed region.

As a control experiment, pure DCPD (not catalyzed)
was injected into reference specimens. After waiting
48 h and then retesting, no evidence of healing could be
found.

3.3. Self-activated specimens

In order to assess the feasibility of achieving in-situ self-
healing, specimens were fabricated with the catalyst
embedded directly into the epoxy matrix. Healing for
these specimens was accomplished by injecting pure
DCPD into the delamination while the ROMP reaction
self-activates by contact with the embedded catalyst.

Fig. 7 shows a typical loading curve for a self-activated
specimen. After injecting DCPD once the virgin loading is
completed, healing commences as the DCPD monomer
mixes with the embedded catalyst near or on the crack
plane. Retesting after 48 h shows a modest amount of heal-
ing for this specimen.

In Fig. 8 an example result for a plain weave specimen is
shown. Here the crack growth for the virgin loading is more
unstable than for the reference plain weave specimen, and a
single, rapid crack propagation occurs during initial loading.
Conversely, the healed loading cycle exhibits stable crack
propagation throughout.

Grubbs’ catalyst and DCPD initiate a /iving ring opening
metathesis polymerization. The terminology here is indica-
tive of the ability of the still-active poly(DCPD) chain ends
to continuously initiate growth as more monomer is added,
thereby forming a living polymer chain. If new monomer is
supplied at any time to the end of the chain, further ROMP
occurs and the chain extends.

For self-healing composites the use of a living polymer-
ization for the healing agent system is extremely beneficial
since multiple healings can be accomplished simply by
replenishing the supply of the DCPD monomer. In contrast,
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Fig. 7. Typical DCB loading curve for virgin and healed self-activated specimens (8H satin weave E-glass/epoxy).

for normal polymerization reactions, after the catalyst has
triggered the initial polymerization the polymer chain ends
are terminated and no further healing events are possible.
To demonstrate the ability to achieve multiple healings
with Grubbs’ catalyst and DCPD, a self-activated DCB
specimen was tested four times in succession while injecting
pure DCPD into the delamination plane each time. Fig. 9

shows the results of this series of tests for a plain weave
specimen. The virgin test results for this specimen are
shown in Fig. 8. The peak load actually shows a slight
increase with each subsequent healing event. The level of
recovery of fracture toughness compared to the virgin load-
ing is quite good in all cases — between 50 and 60% of the
peak load.

60

r T
50 b Virgin\ % k‘

DCPD injected

50

4 (mm)

Fig. 8. Typical DCB loading curve for virgin and healed self-activated specimens (plain weave E-glass/epoxy).
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Fig. 9. DCB loading cycles for a self-activated specimen (plain weave E-glass/epoxy) showing multiple healing capability. DCPD monomer is injected after
each loading cycle and repeated healing occurs by living polymerization of the healing agent—catalyst system.

3.4. Fracture toughness and repair efficiency

In order to quantify the amount of healing that occurs in
DCB specimens, it is more informative to calculate the
fracture toughness rather than comparing peak load. The
data reduction necessary to obtain fracture toughness is
first obtained by resolving load versus crack length from

60

the microscope images and load frame output during the
test. An example is shown in Fig. 10. The vertical tick
marks correspond to 1-mm increments in crack length
from the initial value aq to the final value ay.

Following the methodology presented in Section 2.3, the
compliance of the DCB specimen is then calculated and the
cube root of compliance versus crack length is plotted as in

50

40

30

20 |

10 |

5% increase
in compliance

%WN .
Wt

30 50

& (mm)

Fig. 10. Data reduction procedure for DCB tests to obtain initiation and subsequent fracture toughness from load—displacement data.
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Fig. 11. R-curves for virgin testing of self-activated specimens (8H satin weave E-glass/epoxy).

Fig. 4. A linear least-squares fit to this plot shows very good
correlation to the experimental data and the intersection of
this curve with the x-axis yields the crack length offset A
used in the modified beam theory. The fracture toughness is
then calculated using Eq. (2).

It is particularly difficult to accurately identify the frac-
ture toughness at the initiation of crack growth unless there
is a clearly defined load drop in the load—displacement
curve at initiation. One method [5] of overcoming this
problem is to define the “initiation” fracture toughness as
the point of intersection of the experimental curve and a line
drawn from the origin equal to a 5% increase in compliance
(compared to the initial linear portion of the loading cycle).
The result for a typical loading cycle is shown in Fig. 10.
Taking the load and displacement at the intersection as P
and &, and knowing the initial crack length a, and the offset
A, the initiation fracture toughness is then obtained using
Eq. (2). Subsequent calculations of fracture toughness are
then obtained by measuring (P, 8, a) at each of the tick
marks indicated in Fig. 10.

A plot of Gyc versus crack length shows a characteristic
R-curve behavior for each group of specimens. An exam-
ple is shown in Fig. 11 for the self-activated satin weave
specimens. The strain energy release rate increases with
crack length until it reaches a plateau value that is roughly
twice that at initiation. The principal reasons for the
increased resistance to delamination with crack length is
the development of fiber bridging between plies and the
development of the damage zone around the crack tip
[16—19,27]. Crack path tortuousity could also contribute
to this behavior. Alif et al. [28] attributed the R-curve
behavior in a woven composite to the tortuous crack

path through the woven fabric structure. Fiber bridging
in the specimens was confirmed by optical microscopy
during DCB testing and by scanning electron microscopy
(SEM) of the fracture surfaces afterwards.

As shown in Fig. 11 there is a significant amount of
scatter in the data between specimens. Such behavior is
characteristic of DCB testing of woven composite materials
in general [13,16-18,29]. For any given specimen, the
plateau value of Gic tends to vary somewhat with crack
length as well. Variations in Gyc with crack length are
most likely the result of either changes in the amount of
fiber bridging (perhaps as a large group of bridging fibers
suddenly breaks) or in the size of the damage zone at the
crack tip as the crack passes through resin rich pockets (at
crossover points in the weave for example). Hereafter, the
individual test results are averaged at any given crack length
and the overall R-curve behavior for each group of speci-
mens is reported using these averages.

In Fig. 12 the average R-curves for both reference groups
(satin and plain weave specimens) are presented. Each data
point represents the average fracture toughness for all speci-
mens at that crack length.

For all reference specimens in both virgin and healed
conditions, the fracture toughness steadily increases with
crack length until reaching a steady state condition after
about 10 mm crack extension. The plateau values are
roughly twice the initiation values for the plain weave speci-
mens, whereas the satin weave specimens show an increase
of about 1.5 times. Interestingly, the plateau values for the
healed condition are roughly the same as the initiation
values for the virgin tests. Obviously, if a crack propagates
during the healed test along the original crack plane that was
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Fig. 12. Average R-curves for the reference specimens.

created during the virgin testing, then no fiber bridging can
occur. At initiation for the virgin tests, there is no fiber
bridging contribution to the fracture toughness.

The fact that testing of the healed specimens exhibits R-
curve behavior is indicative of other contributing mechan-
isms to the increase in fracture toughness with crack length.
In fact, the damage zone during healed testing is less
constrained (by bridging fibers for example) and would be

expected to contribute more strongly to increased fracture
toughness.

Fig. 13 shows a typical R-curve for one of the self-acti-
vated specimens corresponding to the load—displacement
curve in Fig. 8. For the virgin test crack propagation
occurred primarily in one large unstable jump, with the
fracture toughness at the moment of crack arrest about
equal to that at initiation. Because of the unstable nature

1500
[ ® \irgin
L O  Healed
1000 |-
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£ 3 * e °
N °
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(@] ~
o r .o crack growth
500 e ~. °
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Fig. 13. Typical R-curves for a self-activated plain weave specimen corresponding to the load—displacement curve in Fig. 8. Unstable crack growth in the
virgin test is manifest as a sudden drop in fracture toughness when the crack jumps forward.
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Fig. 14. SEM micrographs of the virgin fracture surface of a satin weave reference specimen: (A) resin lean side of fracture surface; (B) high magnification
image of (A) showing fiber fracture and debonding; (C) high magnification image of resin rich side of fracture surface.

of crack propagation, an average R-curve cannot be deter-
mined. By defining the plateau value of the fracture tough-
ness as the peak value prior to unstable fracture, an average
for the virgin condition was calculated to be 1052 J/m*.

A summary of all DCB testing is given in Table 2. Aver-
age values for initiation and plateau fracture toughness are
reported together with the standard deviation for each of the
four groups of specimens in both virgin and healed condi-
tions. To quantify the level of healing for each group of
specimens the healing efficiency is defined as [30]

G%-Icealed
n= G 3)

Virgi . e eie e
where GIE™*! and Gu"®" refer to either the initiation or

plateau values of healed and virgin conditions.

3.4.1. Reference specimens
The reference specimens showed the highest healing and
because mixing of the catalyst is manually controlled they

provide an upper bound for self-activated specimens.
Although specimens with satin weave architecture showed
the highest healing efficiencies, the largest plateau Gl
was achieved for the plain weave specimens.

A detailed post fracture analysis was performed on
selected specimens using optical and scanning electron
microscopy. Fig. 14 shows a series of images at increasing
magnification of the virgin fracture surface for a satin weave
reference specimen. It is clear from the images that failure
was dominated by interfacial debonding between fiber and
matrix. Very little resin is left on the fiber bundles and at the
highest magnification the fibers appear to be relatively
clean. This evidence indicates that the delamination propa-
gates preferentially between the fiber bundles of one ply and
the thin layer of resin separating it from the neighboring ply,
a mechanism also observed in woven glass composites by
Ebling et al. [4]. There is also clear evidence in Fig. 14 of
broken fibers, indicative of fiber bridging as the delamina-
tion propagates along the mid-plane.

Since the crack prefers to separate the fiber bundles from
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Table 2
Summary of DCB results

Specimen No. of Specimens  Gic virgin, avg. (£1 SD) J/m?) Gic healed, avg. (£1 SD) J/m?) n (%)
Type Weave Initiation Plateau Initiation Plateau Initiation ~ Plateau
Reference (standard)  Plain 9 726 (£40) 1283 (*141) 335 (£111) 655 (£223) 46 51

8H Satin 6 528 (+100) 842 (=171) 420 (+147) 564 (+58) 80 67
Self-activated Plain 10 644 (£280) 1052 (+222) 111 (£47) 198 (£57) 17 19
(embedded catalyst)

8H Satin 8 585 (£199) 1040 (+138) 38 (£56) 87 (=117) 6.5 8.4

the surrounding matrix, the crack path follows the contour
of the woven cloth. As a result, the architecture of the cloth
imposes a more tortuous crack path than would be expected
from the neat resin alone, or with unidirectional composites
constructed of the same materials. Thus, the virgin fracture
toughness is higher than EPON 828/DETA epoxy (320 J/
m?) or unidirectional E-glass/epoxy [7].

Similar features are present on the virgin fracture
surface of a plain weave reference specimen as shown
in Fig. 15. Again, failure is primarily by interfacial
debonding and evidence of fiber bridging is apparent.
One feature unique to the plain weave specimens is the
large resin rich interstitial regions where the warp and fill
tows crossover.

Examination of these regions in more detail is provided in
Fig. 16. Three different magnifications of the same intersti-
tial area are shown. At the lowest magnification, the location
and overall features are evident relative to the neighboring
fiber tows. The next higher magnification shows the fiber
imprints in the matrix where fibers have debonded. There is
also clear evidence of fiber bridging in which several fibers
are broken at the edge of the interstitial area. At the highest
magnification, a relatively clean fiber protrudes from the

matrix indicating fiber debonding as the primary mode of
fracture.

Scanning electron microscopy was also performed on the
fracture surfaces of healed reference specimens in order to
look for physical evidence of healing. In Fig. 17 a typical
image of the fracture surface from a healed plain weave
specimen is shown. The large region of relatively smooth
appearance is the polymerized DCPD healing agent. Veri-
fication was accomplished by physically removing some of
the polymer film and performing FTIR analysis of the
sample. A characteristic peak at 965 cm ™' was found corre-
sponding to the trans double bond in poly(DCPD).

Having confirmed the presence of the polymerized heal-
ing agent, several features of the fracture surface are clearly
evident. The fracture surface is relatively smooth and the
healed fracture plane follows the same contour as the virgin
fracture plane. Thus, no fiber bridging can be expected upon
retesting in the healed condition. It is also apparent that the
healing agent is present only on a portion of the original
(virgin) fracture plane. Incomplete coverage could be the
result of diffusion of the DCPD monomer into the matrix if
polymerization proceeds at a slower rate than diffusion of
the monomer.

Fig. 15. SEM micrographs of the virgin fracture surface of a plain weave reference specimen: (A) resin lean side of fracture surface; (B) resin rich side of

fracture surface.
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Fig. 16. SEM micrographs at three magnifications of an interstitial area on the virgin fracture surface of a plain weave reference specimen.

10 pm —

Fig. 17. SEM micrograph of the fracture surface of a healed reference plain weave specimen. The smooth film apparent in the image is polymerized DCPD as
confirmed by FTIR analysis.
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Fig. 18. Close-up view of the polymerized DCPD film on the fracture surface of a healed reference plain weave specimen.

Further physical evidence of the presence of the healing
agent on the fracture surface is provided in Fig. 18. Here a
close-up view of a region surrounding one of the fibers on
the fracture surface is shown. At the highest magnification
the poly(DCPD) film is shown still attached to one of the
fibers. A significant amount of plastic flow of the healing
agent is evident by the numerous bands and finger-like
projections of the film.

3.4.2. Self-activated specimens

The plain weave architecture provided the best results
for the self-activated specimens with roughly 20% healing
efficiency. From the results in Table 2 it is also apparent
that the virgin toughness for plain weave specimens
is slightly decreased once the catalyst is directly
embedded into the matrix. The drop in virgin toughness
may be associated with the difficulty in manufacturing

these specimens. Grubbs’ catalyst is a solid at room
temperature and it was ground by mortar and pestle
until the mean particle size was roughly 28 wm. However,
significant clumping of the catalyst particles was unavoid-
able. Once the catalyst powder was mixed with the matrix
resin some of the clumps were broken up by vigorous
stirring, but many large catalyst clusters remained. One
cluster of catalyst particles is evident in the lower portion
of the image in Fig. 19A.

These clusters lead to a slight decrease in virgin tough-
ness and are a contributing factor to unstable crack propaga-
tion (see Fig. 13). Hine et al. [14,15] showed that unstable
crack growth occurs when a crack moves from one region of
high toughness to a region of lower toughness immediately
ahead of the crack tip. The stored energy at the moment of
propagation is suddenly more than is required for propaga-
tion through the region of low toughness and the crack

Fig. 19. SEM micrographs of the fracture surface of a typical self-activated plain weave specimen showing catalyst particle clustering.
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Fig. 20. SEM micrographs of the healed fracture plane of a self-activated plain weave specimen.

jumps forward. If the catalyst particles can be dispersed
uniformly, then the virgin toughness would increase as is
demonstrated by particle toughening in other polymeric
systems [31-33] and in self-activated and self-healing
epoxy [1].

The high magnification image in Fig. 19B shows a blow-
up of the resin rich region surrounding one of the particle
clusters. The fracture surface lacks the well-defined fiber
imprints and fiber breaks characteristic of the fracture
surfaces in Figs. 14 and 15. Instead, the surfaces are rela-
tively smooth indicating that the fracture propagated
through the resin rich layers surrounding the catalyst parti-
cle clusters rather than at the fiber/matrix interface. The
spherical objects in Fig. 19B are believed to be polymerized
DCPD that was formed in void spaces.

Examination of the fracture surfaces from healed speci-
mens (Fig. 20) again shows evidence of poly(DCPD). The
morphology of the polymerized healing agent is quite
distinct from the reference specimens (Fig. 17), and many
small finger-like patterns are evident on the fracture plane.
These fingers under high magnification clearly show that the
reason for low healing efficiency (compared to the reference
specimens) is incomplete coverage of the fracture plane. In
order for the DCPD to polymerize in the self-activated
specimen the monomer must come into direct contact with
the catalyst, either by touching exposed particles on the
fracture plane, or by diffusing a short distance into the
matrix and contacting an embedded particle. The polymer-
ization rate in either case is much slower than having mixed
the catalyst directly with the healing agent and injecting into
the delamination (as with the reference specimens).
Evidently the polymerization proceeds so slowly in the
embedded catalyst system that a significant amount of the
monomer diffuses into the matrix leaving the crack plane
dry.

The satin weave specimens exhibited the lowest healing
efficiency of any group tested. Their virgin toughness,
however, was slightly higher in comparison to the reference

specimens (Table 2). Healing efficiency for the satin weave
specimens ranged anywhere from 0% (for two specimens)
up to about 10%. Since the dominant mode of fracture for
these specimens was interfacial failure (see Fig. 15), very
little of the catalyst is directly exposed on the fracture plane
after virgin testing. Consequently, in-situ polymerization of
the healing agent was either very slow or nonexistent. The
increased healing efficiency for plain weave specimens is
attributed to the presence of large interstitial areas where
Grubbs’ catalyst is directly exposed to the fracture plane.

4. General discussion

In light of the fracture test results and microscopic exam-
ination of the fracture surfaces there are several controlling
factors for healing efficiency that can be identified. For the
material system studied in this paper (EPON 828/DETA and
E-glass epoxy) the interfacial bond strength between E-
glass and the healing agent (DCPD) is critical. Both plain
and satin weave specimens failed by interfacial debonding.
Thus, the healing agent must bond both to the glass fabric as
well as the epoxy matrix in order to achieve complete repair.
Higher healing efficiencies can be expected by either treat-
ing the fiber surface with coupling agents suitable with the
healing agent chemistry, or by choosing a more compatible
healing agent/fiber system.

To explore the last approach further a series of tests were
conducted using two other “healing agents” — epoxy and
cyanoacrylate. Plain weave reference specimens were fabri-
cated and injected with EPON 828/DETA after virgin frac-
ture. Results of these tests showed that the average (plateau)
healing efficiency was 12%. Satin weave reference speci-
mens were also injected after virgin fracture with cyano-
acrylate (Rawn Company, Inc.). The average healing
efficiency (plateau) of these specimens was 122%. The
results for poly(DCPD) indicate that healing efficiency lies
somewhere between epoxy and cyanoacrylate.
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Unless the healed fracture toughness is nearly equal to
the virgin toughness, there is no possibility for fiber brid-
ging to occur in the healed condition. Instead, the crack
propagates along the original (virgin) fracture plane
where all bridging fibers have already been severed. As
such, the R-curve contribution from this important
mechanism is sacrificed and the healed toughness will
be some fraction of the virgin.

Additionally, the efficiency of healing is directly affected
by both the rate of polymerization (in-situ) and the degree of
polymerization achieved. The slower in-situ polymerization
rate of the self-activated specimens is believed to have
contributed to incomplete coverage of the virgin fracture
plane. If the polymerization of the healing agent occurs
too slowly then sufficient time is allowed for diffusion of
the low molecular weight monomer healing agent into the
matrix material (and away from the fracture plane). The
result is incomplete coverage of the fracture plane and a
lowering of the healing efficiency.

5. Conclusions

A study has been conducted to assess the feasibility of
developing a self-healing polymer matrix composite mate-
rial. Woven glass/epoxy composite DCB specimens were
healed by one of two methods. In the first, a catalyzed
monomer healing agent (DCPD) was manually injected
after fracture. The second approach utilized specimens in
which the catalyst was directly embedded in the composite
matrix so that the specimen was self-activated once the
DCPD monomer was injected.

The results of the DCB testing and microscopic
examination of the fracture surfaces revealed three things
that relate to the level of healing that is achieved in practice.
All specimens exhibited interfacial debonding as the domi-
nant mode of failure. Thus, the interfacial bond strength
between the healing agent and the fiber reinforcement is a
critical parameter in selection of the healing agent system.
Secondly, the coverage of the polymerized healing agent on
the fracture plane for the self-activated specimens is incom-
plete. This suggests that the rate of in-situ polymerization
for self-activated materials must be sufficiently fast so as to
prevent diffusion of the monomer into the matrix (thereby
leading to incomplete coverage of the healing agent on the
fracture plane). Finally, while the role of fiber bridging is
important for the inherent toughness of a material, it plays
no role in the healed toughness unless the crack path devi-
ates from the original (virgin) fracture plane.

Self-activation of polymerization was demonstrated in
E-glass/epoxy plain weave specimens by embedding
Grubbs’ catalyst (1.75 wt.%) into the matrix and injecting
DCPD monomer into the fracture plane. The healing effi-
ciency for these specimens was about 20%. Since the heal-
ing agent system used in this study produces a living
polymerization, repeated healing processes can occur and

were demonstrated by successive healing of the same speci-
men a total of three times.

Finally, the highest healing efficiencies (51-67%) were
obtained by specimens in which the monomer was catalyzed
manually before injection into the crack plane. Once the rate
and degree of in-situ polymerization for self-activated
specimens is increased to that of the reference specimens
(e.g. better dispersion of catalyst particles), then self-activated
healing efficiency should be comparable.
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