Fracture Testing of a Self-Healing Polymer Composite

by E.N. Brown, N.R. Sottos and S.R. White

ABSTRACT—Inspired by biological systems in which damage
triggers an autonomic healing response, a polymer compos-
ite material that can heal itself when cracked has been de-
veloped. In this paper we summarize the self-healing concept
for polymeric composite materials and we investigate frac-
ture mechanics issues consequential to the development and
optimization of this new class of material. The self-healing
material under investigation is an epoxy matrix composite,
which incorporates a microencapsulated healing agent that
is released upon crack intrusion. Polymerization of the heal-
ing agent is triggered by contact with an embedded catalyst.
The effects of size and concentration of the catalyst and mi-
crocapsules on fracture toughness and healing efficiency are
investigated. In all cases, the addition of microcapsules signif-
icantly toughens the neat epoxy. Once healed, the self-healing
polymer exhibits the ability to recover as much as 90 percent
of its virgin fracture toughness.

KEY WORDS—Self-healing, autonomic healing, fracture
toughness, microcapsule toughening, tapered double-
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Introduction

Fracture of the skeletal structure in biological systems pro-
vides an excellent model for developing a synthetic healing
process for structural materials. For a bone to heal, nutrients
and undifferentiated stem cells must be delivered to the frac-
ture site and sufficient healing time must elapse.! The healing
process consists of multiple stages of deposition and assem-
bly of material 2 as illustrated in Fig. 1. The network of blood
vessels in the bone is ruptured by the fracture event, initiating
autonomic healing by delivering the components needed to
regenerate the bone.

In recent breakthrough research, White et al.® have de-
veloped a self-healing polymer that mimics many of the
features of a biological system. The self-healing system,
shown schematically in Fig. 2, involves a three-stage healing
process, accomplished by incorporating a microencapsu-
lated healing agent and a catalytic chemical trigger in an
epoxy matrix. A conclusive demonstration of self-healing
was obtained with a healing agent based on the ring-opening
metathesis polymerization (ROMP) reaction. Dicyclopenta-
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diene (DCPD), a highly stable monomer with excellent shelf
life, was encapsulated in microcapsules with a thin shell made
of urea-formaldehyde. A small volume fraction of microcap-
sules was dispersed in a common epoxy resin along with the
Grubbs ROMP catalyst, a living catalyst that remains active
after triggering the polymerization. The embedded microcap-
sules were shown to rupture in the presence of a crack and
to release the DCPD monomer into the crack plane. Contact
with the embedded Grubbs catalyst initiated polymerization
of the DCPD and rebonded the crack plane. Crack healing
efficiency, n, is defined as the ability of a healed sample to
recover fracture toughness*
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n=—

virgin
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where K jcyy, is the fracture toughness of the virgin spec-
imen and K;c,,,., 15 the fracture toughness of the healed
specimen. Fracture test results using the ROMP-based heal-
ing system revealed that, on average, 60 percentof the fracture
toughness was recovered in the healed samples.

Crack healing phenomena have been discussed in the liter-
ature for several types of synthetic materials including glass,
concrete, asphalt and a range of polymers.*=22 While these
previous works have been successful in repairing or sealing
cracks, the healing was not self-initiated and required some
form of manual intervention (e.g., application of heat, sol-
vents, or healing agents). Others have proposed a tube deliv-
ery concept for self-repair of corrosion damage in concrete
and cracks in polymers 2323 While conceptually interesting,
the introduction of large hollow tubes in a brittle matrix ma-
terial causes stress concentrations that weaken the material,
and beneficial healing may be difficult to realize.?

etal? is particularly elegant and promising for healing brittle,
thermosetting polymers. In this paper, we present a compre-
hensive experimental investigation of the correlative fracture
and healing mechanisms of this self-healing system. The ef-
fects of microcapsule concentration, catalyst concentration
and healing time are studied with a view towards improving
healing efficiency.

Experimental Procedure

Using the protocol established by White er al..? healing
efficiency is measured by carefully controlled fracture ex-
periments for both the virgin and the healed materials. These
tests utilize a tapered double-cantilever beam (TDCB) geom-
etry, which ensures controlled crack growth along the cen-
terline of the brittle specimen. The TDCB fracture geometry,
developed by Mostovoy et al.,® provides a crack length in-
dependent measure of fracture toughness
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Fig. 1—Healing stages of bone: (a) internal bleeding, forming
a fibrin clot; (b) unorganized fiber mesh develops; (c) calci-
fication of the fibrocartilage; (d) calcification converted into
fibrous bone; (e) transformation into lamellar bone
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which requires knowledge of only the critical fracture load
P, and geometric terms m and B. The value of § depends on
the specimen and crack widths b and b,,. respectively. The
value of m is defined by the theoretical relation

3a? 1
=— 4 —. 3
" h(a)®  h(a) 3)
or determined experimentally by the Irwin-Kies?” method
where
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Young’s modulus is given by E, C is the compliance, a is
the crack length from the line of loading, and h(a) is the
specimen height profile. For the TDCB sample geometry, the
healing efficiency (eq (1)) is rewritten as

P

Chealed . 5
B (5)

Cvirgin

TDCB Specimen

Valid profiles for a TDCB fracture specimen are deter-
mined by finding a height profile that, when inserted into
eq (3), yields a constant value of m over a desired range
of crack lengths. Height profiles that provide an exact solu-
tion are complex curves, but are approximated with linear
tapers.'226:28.29 T the current work, we adopt a modified
version of the TDCB geometry developed and verified by
Beres et al.?® Relevant dimensions are shown in Fig. 3.

When the taper angle is small, a crack propagating in a
brittle material exhibits a propensity to deflect significantly
from the centerline. Failure commonly occurs as arm break-
off. To ensure fracture follows along the desired path, side
grooves are incorporated into the TDCB geometry. The ad-
dition of side grooves is valid for the TDCB geometry, as
there is no restriction that b and b,, be the same. Stable crack
propagation with maximum crack width, b, is obtained by
selecting a groove with 45° internal angle.?® For this partic-
ular geometry, the geometric term P in eq (2) is given by?!
E’ _ b0.61b2.39_
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Fig. 3—TDCB geometry (dimensions in mm)

A series of 18 fracture toughness tests was performed
on pure epoxy (EPON® 828/DETA) TDCB specimens with
crack lengths ranging from 20 to 37 mm to determine m
from eq (4). A plot of compliance versus crack length was
constructed and a linear fit made, extrapolating a constant
value of dC/da. The fracture toughness of the neat epoxy
and the geometric constant m were measured to be 0.55 MPa
m'/2 and 0.6 mm~!. This experimental value of m is in excel-
lent agreement with the value predicted by the finite element
method (FEM).2® The Young’s modulus of the epoxy was
measured according to the American Society for Testing and
Materials (ASTM) Standard D 638, E = 3.4 0.1 GPa.

Sample Preparation and Test Method
Samples were prepared by mixing EPON® 828 epoxy
resinwith 12 pph Anacmine® DETA curing agent. The epoxy
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mixture was degassed, poured into a closed silicone rubber
mold and cured for 24 h at room temperature, followed by
24 h at 30°C. After curing, a sharp pre-crack was created
by gently tapping a razor blade into the molded starter notch
in the samples. To facilitate investigation of the effects of
the constituents on the self-healing system, varying weight
percent of Grubbs catalyst and/or microcapsules were mixed
into the resin prior to pouring.

Three types of experiments were conducted: two types of
control in addition to the self-healing in situ tests. The first
type of control, referred to as reference samples, consisted of
epoxy without embedded catalyst. Reference samples with
a range of microcapsule concentrations were investigated;
however, the content of the microcapsules in these samples
was not utilized for the healing process. Reference samples
were tested to failure and then manually healed by injection of
DCPD monomer that was pre-mixed with catalyst. Reference
tests removed the variables associated with DCPD delivery
and the embedding of Grubbs catalyst. The second control,
referred to as self-activated samples, consisted of epoxy with
embedded catalyst but no microcapsules. Self-activated sam-
ples were tested to failure and then healed by manual injection
of DCPD monomer into the crack plane. This intermediate
level control test enabled investigation of the embedded cat-
alyst, without the variability of DCPD delivery through mi-
croencapsulation. The third type of sample was the fully self-
contained, or in situ, system. In situ samples contained both
the microencapsulated healing agent and Grubbs catalyst, en-
abling them to self-heal after fracture. Urea-formaldehyde
microcapsules containing DCPD monomer were manufac-
tured by an emulsion microencapsulation method outlined in
White er al.® Table | summarizes the different sample types.

Fracture specimens were tested under displacement con-
trol, using pin loading and a 5 pm s~! displacement rate.
Samples were tested to failure, measuring compliance and
peak load. For the reference samples, 0.03 ml of pre-mixed
DCPD monomer and Grubbs catalyst was injected into the
crack plane, prior to crack closing. For the case of self-
activated samples, 0.03 ml of DCPD monomer with no cat-
alyst was injected into the crack plane, which was subse-
quently allowed to close. In situ samples were unloaded, al-
lowing the crack faces to come back into contact. After a
sufficient time for healing efficiency to reach a steady value,
the healed samples were tested again. For the majority of ex-
periments, the second test was performed after 48 h. Values
of fracture toughness and the subsequent healing efficiency
were calculated using eqs (2) and (5). A representative load-
displacement curve is shown in Fig. 4 for the in situ healing
case. The virgin fracture was brittle in nature, while the healed
fracture exhibited prolonged stick-slip.

Healing of the Reference System

The healing system was first investigated via fracture
toughness testing of reference samples. Following a vir-
gin fracture test, approximately 0.03 ml of mixed DCPD
monomer and catalyst was injected into the crack plane. An
advantage of the ROMP healing system is the heterogeneous
nature of the reaction. Unlike two part epoxy polymeriza-
tion reactions, which require a precise stoichiomerty ratio,
the ROMP reaction can be triggered by discrete mixing at
low concentration (10,000:1 monomer to catalyst ratio).
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Fig. 4—Representative load-displacement curve for an in
situ sample with 2.5 wt% Grubbs and 5 wt% microcapsules

Catalyst Concentration

The effect of the ratio of Grubbs catalyst to DCPD
monomer was investigated by measuring the healing effi-
ciency in four sets of samples with catalyst to DCPD ratios
of 2, 4.4, 10 and 40 g liter—!. Each set consisted of 18 sam-
ples. As shown in Table 2, the level of healing efficiency in-
creased as the concentration of catalyst was increased, while
the gel time decreased exponentially, taking approximately,
600, 235, 90 and 25 s, respectively.

An investigation of the fracture planes highlights two phe-
nomena: fracture in pure epoxy results in locally smooth sur-
faces down to micrometer length scales (Fig. 5(a)) and frac-
ture in the healed material occurs as separation between the
bulk epoxy and polyDCPD film (Fig. 5(b)). The increased
healing efficiency is attributed to changes in the chemical
kinetics and thermodynamics with increased catalyst con-
centration. Shorter cure times reduce the time required for
healing efficiency to reach a steady value and prevent dif-
fusion and evaporation of DCPD from the crack plane. The
ability of the healed reference sample to obtain full healing
(n = 100 percent) indicates excellent adhesion between the
polymerized DCPD and the epoxy.

Microcapsule Concentration

Reference samples have also been used to study the in-
fluence of microcapsule concentration on the fracture of the
virgin and healed epoxy. Reference samples containing 0—
25 percent by weight of microcapsules (22180 pm diameter)
were tested to failure and healed manually. As observed ear-
lier in the literature for the addition of solid particles,32-33
the virgin fracture toughness of the material increased sig-
nificantly with increasing concentration of microcapsules, as
shown in Fig. 6. A maximum was achieved at 15 wt% cap-
sule concentration. Characteristic tails originating from bro-
ken spheres in the fracture plane (Fig. 5(c)) indicate a crack
pinning toughening mechanism may be operative.

The healing agent released from the microcapsules was al-
lowed to evaporate from the crack plane. The reference sam-
ples were then injected with a 4.4 g liter—! mixture of Grubbs
catalyst and DCPD monomer. The healed fracture tough-
ness demonstrated minimal dependence on capsule concen-
tration over a range of 5-20 percent by weight. For capsule



TABLE 1—SAMPLE TYPES

Sample Epoxy Grubbs Microencapsulated
Type (Epon 828:DETA) Catalyst Healing Agent
Reference control 100:12 — 0-25 %owt
Self-activated control 100:12 0-5 %wt —
In situ self-healing 100:12 2-5 Y%ewt 5-10 %wt

TABLE 2—INFLUENCE OF CATALYST CONCENTRATION ON HEALING EFFICIENCY IN REFERENCE SAMPLES

Concentration Fracture Toughness (MPa m!/2) Healing
Grubbs (g):DCPD (1) Virgin Healed Efficiency
40:1 0.55 4+ 0.05 0.71 £0.08 Full heal

10:1 0.56 4+ 0.04 0.61 £0.09 Full heal
4.4:1 0.55 £+ 0.05 0.53 +0.10 97 4+ 15%

2:1 0.54 £ 0.04 0.45 4-0.08 84 4 8%

concentrations close to the value that yields a maximum for
the virgin fracture toughness (~15 wt%), a local minimum
in healing efficiency occurred due to the minimal gains in
healed fracture toughness, illustrated in Fig. 7. For a capsule
concentration of 23 wt% and greater, near perfect healing was
obtained. However, as the capsule concentration increased,
the manufacture of samples was more difficult due to the
increased viscosity of the uncured resin.

Healing of the Self-Activated System

The Grubbs catalyst is a fine purple powder with a propen-
sity to form small clumps. Chemical investigation of the inter-
actions between the catalyst and the epoxy system indicates
that contact of the catalyst with the DETA curing agent can
degrade the catalyst during manufacture.?* The availability
of active catalyst is dependent on the order of mixing the cat-
alyst, resin and curing agent, the catalyst particle size, and the
amount of catalyst added. These parameters are investigated
with self-activated samples.

Mixing Order

The stability of the Grubbs catalyst in the current heal-
ing system was investigated previously using proton nuclear
magnetic resonance (NMR )** (a standard technique for prob-
ing chemical structures33). Although the Grubbs catalyst re-
tained activity in the presence of the EPON® 828/DETA sys-
tem during cure, contact with the DETA curing agent alone
caused rapid deactivation of the catalyst. To ascertain the
optimal mixing sequence of the three components (EPON®
828/12pph DETA/2.5 wt% Grubbs catalyst) for maximum
catalystactivity and healing efficiency, six self-activated sam-
ples were manufactured for each of the three possible se-
quences. In each case, the first two components were mixed
and degassed for 5 min. The third component was then inte-
grated and degassed for an additional 5 min.

Fracture test results for the different mixing sequences are

summarized in Table 3. Although virgin fracture toughness
values are statistically unchanged, the healed fracture tough-

ness values and in turn the efficiency of healing indicate the
importance of mixing order. Mixing the catalyst and DETA
curing agent first results in no measurable healing. Failure to
recover fracture toughness indicates that the catalyst was ex-
tensively deactivated. The other two mixing orders had little
effect on the healing efficiency.

Catalyst Particle Size

The size of the Grubbs catalyst particles also influenced
the behavior of the virgin and healed composites. To deter-
mine the size distribution of the catalyst for maximum healing
efficiency, a sample of catalyst was ground to provide a pow-
der with particle diameters of less than 1 mm. Sets of six
self-activated samples were manufactured with 2.5 wt% of
catalyst with distributions of particle sizes of less than 75 pm,
75-180 pm, 180-355 pm and 355-1000 pm (Fig. 8). Both
the virgin and healed fracture toughness values, plotted in
Fig. 9, increased as the catalyst particle size increased. Poor
healing efficiencies were obtained for small particles, due to
low healed fracture toughness, and for large particles because
the high healed fracture toughness was not coterminous with
their high virgin fracture toughness. The highest healing ef-
ficiency corresponded to 180-355 pm catalyst particle size.

In the virgin material, the catalyst particles toughen
through crack pinning. as shown in Fig. 5(d). In the healed
material, there are the competing effects of smaller particles
providing improved dispersion—and thus availability of cat-
alyst in the crack plane for polymerization of DCPD—and of
larger particles providing a reduced surface area to volume
ratio for the catalyst. The smaller surface area to volume ratio
is believed to reduce the opportunity for DETA curing agent
to react with the Grubbs catalyst.

Catalyst Concentration

To establish the catalyst concentration that provides for
high healing efficiency without diminishing virgin fracture
toughness, six sets of self-activated TDCB samples were
manufactured with Grubbs catalyst concentrations from 0
wt% to 4 wt%. Each set consisted of six samples. Virgin and
healed fracture toughness values and the corresponding heal-
ing efficiency have been measured and are plotted in Fig. 10.
The healed fracture toughness increased with the addition of
more catalyst. However, the relative gain in healed fracture
toughness actually decreased for each additional increment
of catalyst concentration. For a catalyst concentration beyond
3 wt%, the virgin fracture toughness decreased with further
addition of catalyst. Although a high healing efficiency re-
sulted at these high catalyst concentrations, gains were due
to diminution of the virgin properties. Moreover, scatter in
the data was dramatically increased at higher concentrations.
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TABLE 3—INFLUENCE OF MIXING ORDER ON HEALING EFFICIENCY IN REFERENCE SAMPLES

Fracture Toughness (MPa m!/2) Healing
Mixing Order Virgin Healed Efficiency
(Epon 828 + DETA) + Grubbs 0.73 £ 0.06 0.454+ 0.08 63 + 6%
(Epon 828 + Grubbs) + DETA 0.75 +0.05 0.45+ 0.09 60 &+ 6%
(DETA + Grubbs) + Epon 828 0.76 & 0.07 0 0%
Self-Healing of the In Situ System vestigated in Fig. 11, only a small change in healed fracture

The ultimate goal of this research was the development
of a self-healing polymer composite. To achieve this, mi-
croencapsulated DCPD monomer and Grubbs catalyst were
incorporated into an in situ sample. The effects of microcap-
sule size on healing efficiency and the evolution of healed
fracture toughness over time were investigated using in sifu
samples with 2.5 wt% Grubbs catalyst and 10 wt% of DCPD
monomer encapsulated microcapsules. The findings of these
studies and the results presented thus far have been used to
optimize the healing system through choice of catalyst and
microcapsule concentration.

Microcapsule Size

Three sets of samples were manufactured with 180 +
40 pm, 250 £ 80 wm and 460 4 80 wm diameter capsules.
When fracture occurred, DCPD monomer was observed to
fill the crack plane of the TDCB specimen. Variation in the
healed fracture toughness was small, with a trend for in-
creased toughness with decreased capsule diameter as shown
inFig. 11. The divergence of healing efficiency was governed
by the virgin fracture toughness, which increased signifi-
cantly with decreased capsule diameter. The self-healed spec-
imens with 460 pwm diameter capsules exhibited the greatest
healing efficiency, recovering 63 percent of virgin load on
average. An investigation of the crack planes (Fig. 5(e)) re-
vealed that all of the microcapsules fractured, releasing the
encapsulated healing agent, with no mounds or protruding
shell material representative of debonding.

Development of Healing Efficiency

The healing efficiencies presented thus far were mea-
sured after waiting 48 h after the virgin test. This time was
chosen to ensure sufficient time for healing. Previous work
with thermoplastics*~® reported that healing efficiency was
strongly tied to healing time. A series of 28 in situ samples
was manufactured with 10 wt% of 180 pm diameter capsules
and 2.5 wt% of catalyst. The virgin fracture tests were per-
formed in rapid succession with the exact time of the fracture
event noted for each specimen. Healed fracture tests were per-
formed at time intervals ranging from 10 min to 72 h after the
virgin test. The resulting healing efficiencies are plotted ver-
sus time in Fig. 12. A significant healing efficiency developed
within 25 min, which closely corresponds to the gelation time
of the polyDCPD. Steady-state values were reached within
10 h.

Microcapsule Concentration

In previous work on this self-healing system,**” micro-

capsule concentration was chosen to be 10 wt% to maximize
DCPD delivery, while retaining near maximum virgin frac-
ture toughness. For the large range of microcapsule sizes in-
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toughness was measured. Excess DCPD was also observed
during fracture for all capsule sizes. Moreover, the data for
reference samples in Fig. 6 showed that a reduction in con-
centration from 10 wt% to 5 wt% had minimal impact on the
healed fracture toughness. By reducing the capsule concen-
tration, near perfect healing was obtained.

To investigate this effect for the self-healing case, a set of
six in situ samples was manufactured with 5 wt% of 180 pm
diameter capsules and 2.5 wt% of catalyst. An average heal-
ing efficiency of 85 &= 5% was measured. The relative healing
efficiencies of neat epoxy and the in situ system with 10 wt%
and 5 wt% microcapsules, are shown in Fig. 13, illustrat-
ing the successful development of an optimized self-healing
system.

Conclusion

The use of TDCB fracture geometry has provided an ac-
curate method to measure the fracture behavior and healing
efficiency of self-healing polymer composites and to com-
pare with appropriate controls. Virgin fracture properties of
the polymer composite were improved by the inclusion of
microcapsules and catalyst particles. The size and concentra-
tion of the catalyst were shown to have a significant impact
on the virgin properties of the composite and the ability to
catalyze the healing agent. The highest healing efficiency
was obtained with 180-355 pwm catalyst particles. Catalyst
concentrations of greater than 2.5 wt% provided diminishing
gains in healed fracture toughness. A significant loss of virgin
fracture toughness was observed for a catalyst concentration
of about 3%. The catalyst was found to remain active follow-
ing the curing process, given that it was not first mixed with
the DETA curing agent. The addition of microcapsules. up
to 15 wt%, served to increase the virgin toughness. Capsule
size had a direct influence on the volume of DCPD monomer
released into the crack plane but, over the range of capsule
sizes investigated, healing efficiency was not restricted by
lack of healing agent. Maximum healing efficiency was ob-
tained within 10 h of the fracture event. By optimizing the
concentrations of catalyst and microcapsules, the healing ef-
ficiency of the system was increased to over 90 percent.
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