Composites: Part A 41 (2010) 360-368

Contents lists available at ScienceDirect compasites

Composites: Part A

journal homepage: www.elsevier.com/locate/compositesa

Autonomic healing of low-velocity impact damage in fiber-reinforced composites

Amit J. Patel *°, Nancy R. Sottos *?, Eric D. Wetzel ¢, Scott R. White >4~

2 Department of Materials Science and Engineering, University of Illinois at Urbana-Champaign, 1304 W. Green St., Urbana, IL 61801, USA

b Beckman Institute for Advanced Science and Technology, University of Illinois at Urbana-Champaign, 405 N. Mathews Ave., Urbana, IL 61801, USA
¢ Materials Division, US Army Research Laboratory, AMSRD-ARL-WM-MA, Bldg. 4600, Aberdeen Proving Ground, MD 21005, USA

d Department of Aerospace Engineering, University of lllinois at Urbana-Champaign, Urbana, 104 S. Wright St., IL 61801, USA

ARTICLE INFO ABSTRACT

Article history:

Received 15 July 2009

Received in revised form 4 November 2009
Accepted 8 November 2009

In this study autonomic self-healing of impact damage in composite materials is shown using a microen-
capsulated healing agent. The components for self-healing, urea-formaldehyde microcapsules containing
dicyclopentadiene (DCPD) liquid healing agent and paraffin wax microspheres containing 10 wt% Grubbs’
catalyst, have been successfully incorporated in a woven S2-glass-reinforced epoxy composite. Low-
velocity impact tests reveal that the self-healing composite panels are able to autonomically repair
impact damage. Fluorescent labeling of damage combined with image processing shows that total crack
length per imaged cross-section is reduced by 51% after self-healing. A testing protocol based on com-
pression after impact reveals significant recovery of residual compressive strength (RCS) in self-healing
panels. Self-healing panels show a higher threshold impact energy before RCS reduction, and as impact
energy increases, RCS recovery decreases. Qualitative inspection shows that crack separation increases
with increasing impact energy, indicating that self-healing performance depends on the ability to ade-
quately fill damage volume.
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1. Introduction

Because of their excellent in-plane properties and high specific
strength, fiber-reinforced composites with polymeric matrices
have found many uses in structural applications. Despite this suc-
cess, they are particularly prone to damage from out-of-plane im-
pact events. Although fiber damage is usually localized at the site
of impact, matrix damage in the form of delaminations and trans-
verse cracks can be more widespread. Delaminations, in particular,
pose a serious issue because they can significantly reduce com-
pressive strength [1-5] and grow in response to fatigue loading
[2,6-9]. Adding to the problem, impact damage can be subsurface
or barely visible, necessitating the use of expensive and time-con-
suming non-destructive inspection [2]. Once damage is located,
there are many repair techniques that have been proposed or are
currently practiced [10-13]. Most solutions rely on resin infiltra-
tion of delaminations or composite patches to provide load transfer
across the damaged region. In cases of severe damage, damaged re-
gions are removed and replaced with new composite material that
is bonded or co-cured to the original material [10]. These repair
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techniques are generally time-consuming, complicated, and re-
quire unhindered access.

An alternative solution to manually repairing impact damage is
the employment of self-healing materials. In particular, the strat-
egy using microencapsulated healing agent, demonstrated by
White and coworkers [14] and later modified by Rule et al. [15],
has proven effective in repairing damage in polymeric matrices.
The system requires adding two components to the epoxy matrix:
microencapsulated monomer and wax microspheres containing
Grubbs’ catalyst. The wax microsphere approach has been found
to provide more efficient distribution and utilization of catalyst
particles than direct incorporation of catalyst particles. Autonomic
self-healing occurs when matrix damage ruptures the microcap-
sules, releasing monomer into the crack plane, which then poly-
merizes in the presence of catalyst. This new polymer fills
damage zones and bridges crack faces, typically resulting in partial
or complete recovery of global mechanical properties. The auto-
nomic nature of this approach eliminates the need for manual
damage detection and repair processes. Initial studies on the recov-
ery of mechanical properties in microencapsulated self-healing
materials focused on monotonic fracture testing [14,16] and fati-
gue [17-19] of polymer composites without fiber reinforcement.
In further work, Kessler et al. successfully incorporated the self-
healing system into a woven fiber-reinforced composite and dem-
onstrated recovery of Mode I interlaminar fracture toughness
[20,21]. Additional studies by O’Brien et al. also used the Grub-
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bs’-DCPD system and showed strength recovery in composite skin/
stringer flange debond specimens [22].

Several other self-healing strategies in polymers have also been
proposed. Chen et al. have developed a polymer that can repair
cracks based on a thermally reversible Diels-Alder cross-linking
reaction, allowing for re-mending upon heating [23]. Another so-
lid-state system, demonstrated by Hayes and coworkers, utilizes
a thermoplastic phase dissolved in an epoxy matrix [24]. Repair
of cracks at elevated temperatures is believed to occur by crack
bridging by thermoplastic polymer chains that have diffused to
the site of damage. Yin and coworkers have also proposed a micro-
encapsulated healing system with epoxy healing agent embedded
in a woven fiberglass-reinforced epoxy composite containing la-
tent imidazole curing agent [25,26]. Healing is accomplished at
elevated temperature (140 °C) by the reaction of the microencap-
sulated epoxy with the unreacted imidazole curing agent. Systems
based on the delivery of liquid healing agent from embedded tubes
have also been proposed and investigated by several authors. This
idea, proposed by Dry [27], was further investigated by Motuku
et al. using glass pipettes and metal tubing [28]. Bleay et al. tested
a composite composed of epoxy-filled hollow S2-glass fibers and
demonstrated minor recovery of compression strength after im-
pact [29]. Extending this work by using larger diameter hollow
glass fibers selectively placed at key laminate interfaces, Bond
and coworkers successfully demonstrated the repair of quasi-static
and low-velocity impact damage to a carbon/epoxy laminate [30-
33]. With the exception of the study by Pang and coworkers [30],
the aforementioned healing systems are not autonomic; that is,
they require some form of external intervention (temperature,
heat, manual fluid injection, etc.) for healing and recovery. In the
current study we demonstrate truly autonomic self-healing of im-
pact damage in fiber-reinforced composites at ambient conditions.

Very few prior self-healing studies have investigated impact
damage. In the studies using the hollow fiber approach [30-32],
Bond and coworkers used quasi-static indentation to create dam-
age similar to impact damage, and assessed damage recovery
based on four-point bend experiments. More recently, Williams
et al. [33] executed true compression after impact (CAI) experi-
ments at 3], demonstrating 95% retention of CAI strength com-
pared to 66% for unhealed panels. These materials, however,
were not autonomically self-healing, requiring thermal treatments
at 125 °C to enable CAI retention. Using the microencapsulated
epoxy and latent curing agent approach, Yin and coworkers [26]
measured CAI of woven fiberglass-reinforced epoxy composites
impacted up to 3.5], showing improved healing performance at
lower impact energies and through application of lateral pressure.
However, healing in these systems was not autonomic, requiring
heating to 140 °C. In another study, Williams et al. showed auto-
nomic healing of impact damage to composite sandwich panels
by delivering healing agent with hollow channels in the foam core
[34]. However, the mechanical recovery seen in CAI tests was
attributed to the restoration of core and core-skin interface prop-
erties rather than the healing of matrix damage in the fiber-rein-
forced composite skin.

In contrast, the present study demonstrates fully autonomic
self-healing of low-velocity impact damage in a fiber-reinforced
composite and explores impact behavior up to 45 ]. Self-healing
functionality is integrated in a conventional woven glass-rein-
forced epoxy composite based on the system described by White
et al. [14] and later modified by Rule et al. [15] (Fig. 1). We visually
examine the autonomic repair of impact-induced matrix damage
in fiber-reinforced composites using a crack marking technique
and direct observation of healed material. Mechanical recovery is
assessed using a CAI testing protocol. The influences of impact en-
ergy and lateral pressure are investigated to study the effect of
damage volume on healing performance.
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Fig. 1. Schematic of the self-healing system used in the matrix of a woven fiber-
reinforced composite.
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2. Materials
2.1. Self-healing components

The size scales of healing agent components incorporated into
the composite system are a crucial design factor. Smaller compo-
nents distribute more evenly and infiltrate into narrow interlami-
nar regions. However, because the amount of healing agent
delivered to the crack plane varies linearly with microcapsule
diameter [35], a reduction in size scale limits the amount of dam-
age that can be healed. In addition, the efficiency of wax micro-
spheres to protect the embedded catalyst diminishes with size as
the surface area to volume ratio correspondingly increases [36].

Distilled endo-DCPD-filled microcapsules were manufactured
by in situ poly(urea—-formaldehyde) microencapsulation using the
method described by Brown et al. [37]. Two different size ranges
of microcapsules were employed to promote even distribution of
microcapsules and ensure adequate delivery of DCPD healing agent
to crack planes. Microcapsules of ~35 pm number average diame-
ter were used to ensure even distribution and access to restricted
locations, while microcapsules of ~125 pm number average diam-
eter were used to provide a large supply of healing agent for deliv-
ery to damaged regions. Small microcapsules were made using an
agitation rate of 1000 rpm and collecting microcapsules beneath
the 75 um sieve. Large microcapsules were made using an agita-
tion rate of 550rpm and collecting microcapsules between
125 pm and 250 pm sieves. The size distributions for both types
of microcapsules are shown in Fig. 2a.

Wax-protected catalyst microspheres were made using a meth-
od similar to that described by Rule et al. [15], in which 10 wt% first
generation Grubbs’ catalyst (freeze-dried morphology [38]) was
incorporated in paraffin wax microspheres. Plain paraffin wax
microspheres were also fabricated for use in control specimens
without self-healing functionality. A 0.2 wt% aqueous polyvinyl
alcohol (average M,, 85,000-124,000, 87-89% hydrolyzed, Sigma-
Aldrich) solution was used instead of the 0.28 wt% aqueous
poly(ethylene-co-maleic anhydride) solution used previously [15].

Wax microsphere size is controlled by agitation rate. To keep the
number density of microspheres in the final composite consistent,
the average value of the microsphere diameter cubed was held con-
stant. Catalyst-containing wax microspheres of 135 pm ((d*)*
were created at 1000 rpm. To achieve the same average diameter,
plain wax microspheres were processed at 600 rpm. The size distri-
butions of these wax microspheres are shown in Fig. 3a.

2.2. Composite materials, lay-up, and curing

Composite panels for low-velocity impact were nominally
101 x 101 x 4mm and consisted of four plies of 24 oz/yd?
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Fig. 2. (a) Histograms of microcapsule diameter for larger (125 pm) and smaller (35 pm) microcapsules used in this study. (b) SEM micrograph of larger DCPD microcapsules.
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Fig. 3. (a) Histograms of diameter for plain wax microspheres and wax-encapsulated Grubbs’ catalyst (10 wt%). (b) Optical micrograph of wax-encapsulated Grubbs’ catalyst

microspheres.

5 x 5 yarns/in. plain woven S2-glass fabric (Owens Corning Knytex
SBA240F) in an Epon 862 and Epi-cure 3274 matrix (100:40 weight
ratio). Self-healing (SH) panels were made with a 2:1 mass ratio of
35:125 pm DCPD-filled microcapsules, as well as catalyst-contain-
ing wax microspheres of 135 um average diameter. Three types of
control panels were employed in the experiments. Plain composite
panels (C-I) contained no self-healing components. A second set of
controls (C-II) contained only microcapsules at the standard 2:1
mass ratio of 35:125 um size ranges. A final set of controls (C-III)
contained both microcapsules and plain wax microspheres. A sum-
mary of panel compositions can be found in Table 1.

The resin matrix was prepared by mixing Epon 862 resin (286 g)
with Epi-cure 3274 curing agent (114 g) and paraffin wax micro-
spheres (10 g), together with healing agent microcapsules (33 g)
in a 2:1 mass ratio of small to large capsules. The overall concen-
trations of microcapsules, microspheres, and active catalyst were
7.4 wt%, 2.3 wt%, and 0.23 wt%, respectively. Once mixed, the resin
was partitioned into four equal portions, one for each layer of glass
fabric, and degassed under vacuum before being used for lay-up.

Table 1
Summary of composite panel types.

Panel type DCPD microcapsules Wax microspheres

C-1 None None

C-1I 35 um and 125 pm None

C-IIl 35 pum and 125 pm Plain, 135 pm

SH 35 pum and 125 pm 10 wt% Grubbs’, 135 pum

The first portion of resin was laid down and spread evenly over
the mold surface. A glass fabric layer was then placed on top and
lightly rolled flat. The liquid epoxy was allowed to soak into the
fabric rather than using pressure with the roller. This method
was employed to avoid pushing and concentrating the self-healing
components to the edge of the part. This process was repeated for
the remaining layers. A porous peel ply, backed by bleeder cloth,
was placed on the top surface to allow excess resin to bleed toward
the top surface during compaction.

The samples were cured at room temperature for 24 h under
compaction pressure, followed by 48 h at 35 °C with no pressure
applied. Plain composite panels were compacted with 4.8 kPa pres-
sure, while panels containing microcapsules and/or wax micro-
spheres were compacted with 95.8 kPa of pressure. These
compaction pressures yielded a final panel thickness of approxi-
mately 4 mm, and the fiber content was estimated, based on panel
thickness, to be approximately 33% by volume for all panels. In-
creased compaction pressure was required for microcapsule-con-
taining panels in order to maintain consistent overall laminate
thicknesses. This effect is likely due to increased resin viscosity
with the addition of microcapsules. The final concentrations of
self-healing components in the composite panels were estimated
to be approximately 0.13 g/cm® DCPD microcapsules and 0.039 g/
cm® wax microspheres (0.0039 g/cm?® Grubbs’ catalyst) by assum-
ing all self-healing components remained in the final composite
panel. This assumption is reasonable because the self-healing com-
ponents cannot bleed through the porous release ply. After curing,
each large panel was then cut with a diamond saw into four smal-
ler 101 mm x 101 mm panels.
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3. Testing and characterization
3.1. Low-velocity impact testing

Impact testing was conducted on an Instron Dynatup 8200
instrumented drop-weight impact tester with the sample circu-
larly clamped (76 mm diameter) and using a spherically shaped
impact head of 25.4 mm radius of curvature. A schematic of the im-
pact setup is shown in Fig. 4. Samples to be damaged were im-
pacted with a range of energies as outlined in Table 2. Reported
impact energy values are calculated from drop height and carriage
mass values. For impact energies below 26.5 ], the lower limit on
carriage mass required a reduction in drop height. Although this
reduction lowers the impact velocity, the rate effects on impact
damage are minor in this low-velocity impact regime [39]. The
large curvature of the impact head, combined with this range of
impact energies, produces matrix damage without significant fiber
damage.

All impacted self-healing panels were given 48 h to heal before
further testing. A majority of the SH panels were healed under
ambient conditions: room temperature and no lateral pressure.
However, a set of self-healing panels impacted with 45.1] was
healed with 1077 kPa lateral pressure applied using a hot-press
in order to understand the effect of damage volume on healing per-
formance. Corresponding C-III controls underwent the same condi-
tions to separate any non-healing improvements in compressive
strength due to damage compaction.

3.2. Damage imaging and quantification

Panels were sectioned through the point of impact into four
quarters for imaging. Delaminations and matrix cracks exposed
on the cross-section surface were marked by a fluorescent dye pe-
netrant (Zyglo ZL-37) using a technique demonstrated by Kuboki
et al. [40]. Fig. 5a shows a typical image of highlighted damage un-
der UV illumination. For each panel, four separate images were ob-
tained, one for each sectioning cut.

The total crack length per imaged edge was measured to quan-
tify the degree of damage. First, cracks were manually traced with
a pencil tool in Adobe Photoshop CS2. The resulting images were
thresholded to yield just the crack tracings, which were in turn
skeletonized using a Fovea Pro photo analysis plug-in (Fig. 5b). Fi-
nally, the total length of the skeleton was then computed using the
same plug-in software.

Flag iy

o abe BRSSO TEE 0T

B e --...::: .

44 40t o sest e

s Rt

$ees SeEeess

g LR

Velocity {igsseneses
gate

Drop height

Specimen

3.3. Compression after impact

Compression after impact is a widely used test method to mea-
sure the residual compressive strength (RCS) of composites with
impact damage. The RCS is sensitive to this type of damage due
to localized buckling of sublaminates created by delaminations,
leading to stress concentrations around the region of reduced stiff-
ness [1,41-43]. CAI was used to assess the effect of self-healing
components on composite performance and the degree of recovery
due to the healing response.

CAlI tests were conducted based on the ASTM standard D7137
[44]. However, the fixture was modified from the standard geom-
etry to accommodate the 101 mm x 101 mm panels (Fig. 6). All
panels underwent in-plane compression testing using a MTS 812
hydraulic test frame coupled with a Instron 8800 controller at a
cross-head speed of 1 mm/min. Panels, both damaged and undam-
aged, were loaded until complete compressive failure across the
width of the sample.

4. Results and discussion
4.1. Damage characterization

Self-healing panels impacted with the highest energy (45.1])
show a 51% decrease in total crack length per imaged edge when
compared to the corresponding C-III controls (Fig. 7). Plain com-
posite panels (C-I) and microcapsule-only panels (C-II) were also
tested to observe the effects of self-healing components on damage
resistance. As shown in Fig. 7, there is a negligible increase in total
crack length per imaged edge when plain panels are compared to
microcapsule-only panels, indicating that the addition of the
microcapsules does not significantly affect impact damage resis-
tance. However, C-III panels show a significant jump in total crack
length per edge, suggesting that the combination of wax micro-
spheres and DCPD microcapsules has a detrimental effect on dam-
age resistance. The addition of wax microspheres may be
associated with a reduction in interlaminar shear properties, plas-
ticization of the matrix, or they may act like voids within the ma-
trix rich regions. Nevertheless, self-healing panels exhibit
dramatically smaller crack length per imaged edge when compared
to controls, indicating significant filling of damage with healed
material.

Closer inspection of self-healing panels reveals poly-DCPD-
filled delamination and transverse cracks, as well as unhealed sec-
tions (Fig. 8a). Healed delaminations are marked by a trail of poly-

Fig. 4. (a) Schematic of drop-weight impact tower with instrumented tup. (b) Images of the backface of panels with damage from impacts of 22.2 ] (top) and 45.1 J (bottom).
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Table 2

Summary of composite panel impact and healing conditions. Reported impact energy
values are calculated from drop height and carriage mass values. All panels were
healed at room temperature (~24 °C).

Type  No. of Drop Drop Impact Healing pressure

samples mass (kg) height (m) energy (J) (kPa)
C-1 8 0.00 0.00 0.0 0

8 7.66 0.60 45.1 0
c-nr 8 0.00 0.00 0.0 0

4 4.52 0.30 133 0

4 4.52 0.40 17.8 0

4 4.52 0.50 222 0

6 4.51 0.60 26.5 0

6 5.58 0.60 329 0

6 6.61 0.60 38.9 0

8 7.66 0.60 45.1 0

4 7.66 0.60 45.1 1077
SH 8 4.52 0.40 17.8 0

7 4.52 0.50 22.2 0

8 4.51 0.60 26.5 0

4 5.58 0.60 329 0

8 7.66 0.60 45.1 0

8 7.66 0.60 45.1 1077

Center of impact

s P

Fig. 5. (a) Image of fluorescently marked cracks under UV illumination. (b)
Skeletonization of marked cracks.

DCPD-filled microcapsules that have ruptured onto the crack
plane. C-III controls, on the contrary, do not show evidence of reb-
onded crack or delamination faces (Fig. 8b), as would be expected
in the absence of catalyst.

4.2. Compression after impact results

Table 3 contains a summary of CAI test results for panels healed
under ambient conditions. The RCS as a function of incident impact
energy is plotted in Fig. 9 for self-healing and C-III controls. Both
types of panels show typical RCS behavior [45] with a threshold
impact energy below which little or no drop in RCS is detected.
Self-healing panels show nearly twice the threshold energy of C-

CAl specimen
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Fig. 7. Total crack length per imaged edge for plain (C-I), microcapsule-only (C-II),
microcapsule and microsphere (C-III), and self-healing (SH) composite panels
impacted with 45 J. Error bars are +1 standard deviation.

Il panels. Above their respective threshold energies, both types
of panels show a reduction in RCS with increasing impact energy.
For self-healing panels, this drop-off in performance appears to
be faster, and by 45.1 ] of impact energy, the RCS’s for self-healing
and C-III panels are nearly the same.

The model developed by Caprino [46] for the strength of
notched composite panels has also been generalized for compres-
sion after impact [45,47] such that RCS, g, is related to impact en-
ergy, U, by the power law

o _ (Uo)' M)
Oo “\u)’

where g, is the undamaged compressive strength and Uy is the
threshold impact energy. The more convenient form

log o, = log 0 + B(log Uy — log U) (2)

can be used to fit experimental data. For analyzing the data in this
study, oo was taken as the average compressive strength of all
undamaged C-III panels. The parameters Uy and 8 were found by
performing a least-squares fit of Eq. (2) to the average measured
RCS at each energy level. For C-III controls, panels impacted with
17.8] or more were used. For the self-healing case, fittings were
performed both for the full set of data and by excluding the data
at 17.8 J. The fit was significantly better when excluding the 17.8 ]
data (standard deviation of residuals of 1.09 MPa versus
2.28 MPa), so the resulting Uy and g values for this fit are reported
here. This result suggests that 17.8 ] is below the threshold impact

Fig. 6. Schematic of compression after impact fixture.
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Fig. 8. Optical micrographs of cross-sections of (a) a partially healed section of delamination in a self-healing panel impacted with 45.1] and (b) a section of unhealed

delamination in a C-III non-healing control panel impacted with 45.1 J.

Table 3
Summary of CAI test results for panel groups healed under ambient conditions. Errors
reported are +1 standard deviation.

Type Impact Compressive Maximum tangent Average stress at
energy  strength stiffness (GPa) maximum tangent
()} (MPa) stiffness (MPa)
C-l 0.0 80+5.1 11.7£0.29 48+8.9
45.1 72+28 11.3+£0.37 38+7.7
C-lII 0.0 82+46 11.2£0.26 49+7.0
133 80+7.2 11.7+£0.17 45+5.1
17.8 68 £1.6 11.4£0.15 34+19
222 67+6.9 10.8 £0.13 33+13
26.5 64+59 10.6 +0.35 34+26
329 59+29 10.8 £0.53 31+£10
389 60+4.9 10.8 +0.52 30+2.0
45.1 55+24 9.8+0.39 27+35
SH 17.8 79+6.5 11.4+0.23 47+5.5
222 76 £6.7 11.4+0.31 44+75
26.5 71£59 10.7 £0.28 40+7.0
329 66 +2.7 11.2+0.13 35+1.6
45.1 56 £4.7 10.0 £0.38 3235
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Fig. 9. Residual compressive strength (RCS) and average stress at maximum
tangent stiffness (SMTS) for non-healing control panels (C-IlI) and self-healing
panels (SH) versus nominal incident impact energy. Error bars are +1 standard
deviation. Also plotted is a fit to RCS based on a model from [47].

energy for the SH case. In fact, six of the eight SH panels impacted at
this energy healed to at least 97% of the average undamaged C-III
RCS.

Based on the model fitting results, threshold impact energy, Uy,
for self-healing panels (19.7 ]) is almost twice that of C-IIl panels
(10.7]). The exponent B, which is related to how fast RCS drops
off with increasing impact energy, is larger for self-healing panels
(0.44) than for C-III panels (0.28), indicating a reduction in self-
healing recovery with increasing impact energy. However, because
of the sensitivity of Uy and B to experimental error, additional
experimental data is required to definitively quantify these trends.

The better recovery of RCS at lower energies is likely the result
of decreased damage volume. Optical images of cross-sections of
impacted C-IIl composites reveal that delamination separation in-
creases with increasing impact energy. Fig. 10 shows examples of
the largest delamination separations observed for C-III panels im-
pacted with 45.1] and 17.8]. Clearly, C-III panels impacted with
45.1] possess considerably more damage separation than those
impacted with 17.8]. C-IIl panels impacted with 45.1] can have
delamination separations of approximately 100 pm, whereas the
largest delamination separations seen in C-III panels impacted
with 17.8 ] are approximately 35 pm.

In a manner similar to that by Rule and coworkers [35], the the-
oretical volume of healing agent released for planar cracks can be
estimated as

V= @d A, 3)

where @, is the local volume fraction of microcapsules, d. is micro-
capsule diameter, and A is the area of crack created. For complete
filling of the damage volume, V;, = At, where t is the separation dis-
tance of the crack. Thus,

t=dcde 4)

is the maximum average crack separation distance for which com-
plete filling of damage is possible. For two sizes of microcapsules, t
can be calculated separately for each size and then added. Thus Eq.
(4) becomes

t= dsc.,ldc.,l + ¢5,2d5,2~ (5)

For the case of a 2:1 mass ratio of 35:125 pm microcapsules,
®.1=0.669, and P.,=0.33P,, assuming the densities of the
microcapsules are equal. Since microcapsules concentrate in inter-
laminar regions, an estimate of the local concentration of micro-
capsules in these regions is needed to calculate & This
concentration, estimated by measuring the area fraction of micro-
capsules in a thresholded cross-sectional image, is ~0.35. Thus, the
maximum average crack separation distance t =23 pm. In the case
of panels impacted with 45.1 ], where much of the damage is on
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Fig. 10. Examples of the largest delamination separations seen in C-III panels impacted with (a) 45.1] and (b) 17.8].

the order of 100 pm, most damage will not be filled or healed. For
panels impacted at 17.8 ], almost all of the damage separations are
significantly smaller than 35 pm and should be completely filled
by poly-DCPD. Thus, as impact energy increases, damage separa-
tion increases, filling of the damage with healing agent decreases,
and RCS recovery is expected to decrease. These results agree with
the key finding by Rule and coworkers [35] that healing efficiency
in tapered double cantilever beam specimens is reduced with
decreasing amounts of delivered healing agent.

Although SH panels impacted with 45.1 ] show little recovery of
RCS when compared to C-III controls, their mechanical behavior is
not identical to C-III controls. Fig. 11 shows compression loading
curves for an undamaged C-III panel, a C-III panel impacted with
45.1], and a SH panel impacted with 45.1 ]. Average stress, load di-
vided by the panel cross-sectional area, is plotted versus displace-
ment normalized to panel height. For the undamaged C-III control,
there is an initial softness in loading associated with the specimen
settling in the grips, followed by a region of fairly constant tangent
stiffness. Near failure this panel quickly decreases in tangent stiff-
ness until eventual compressive failure marked by a sudden load
drop. In contrast, impacted C-III controls deviate from undamaged
behavior at fairly low loads with a gradual reduction in tangent
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Fig. 11. Representative CAI loading curves (average stress versus normalized
displacement) for undamaged and impacted (45.1]) C-lII control panels and
impacted (45.1]) self-healing composite panels.

stiffness until final compressive failure. This behavior is likely the
result of local buckling in the damaged region. Local buckling of
the damaged region leads to a zone of reduced stiffness [42], which
reduces overall panel tangent stiffness. Thus, for C-IIl panels the
deviation from undamaged behavior marks the onset of local buck-
ling of sublaminates.

In contrast, self-healing panels impacted at 45.1 ] show a mark-
edly different behavior than corresponding C-III controls. Unlike C-
Il panels, self-healing panels replicate the behavior of undamaged
C-III panels to much higher loads, before a rapid degradation in
tangent stiffness and then eventual compressive failure at load lev-
els similar to damaged C-III panels. The similarity in loading behav-
ior between self-healing panels and undamaged C-IIl panels is
likely due to self-healing material bonding delamination faces to-
gether and delaying local buckling of the sublaminates. However,
at a critical level of load, adhered delamination faces reopen, and
the tangent stiffness of the panel rapidly decreases. The key differ-
ences in behavior among undamaged and impacted C-III controls
and impacted self-healing panels can be more clearly seen in tan-
gent stiffness versus average stress plots (Fig. 12).

To quantify this difference in panel stiffness behavior, average
stress at maximum tangent stiffness (SMTS) was used as a metric
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Fig. 12. Representative tangent stiffness versus average stress curves (correspond-

ing to Fig. 11) for undamaged and impacted (45.1]) C-IIl control panels and
impacted (45.1]) self-healing composite panels.
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of mechanical performance, since it corresponds to the onset of
degradation in mechanical properties. SMTS decreases with
increasing impact energy for C-Ill controls, as shown in Fig. 9.
Self-healing panels, however, consistently show higher SMTS, even
up to the highest impact energy tested. These results suggest a de-
lay in local buckling due to healing and adhesion of delamination
faces.

To further investigate the effect of damage volume on healing
performance, a set of self-healing panels was healed under lateral
pressure. Lateral pressure is expected to reduce separation of
delamination faces and damage volume, and thus increase RCS
recovery [26]. Self-healing panels healed under lateral pressure
(1077 kPa) showed increased RCS (Table 4), approximately 78% of
their original compressive strength compared to 68% for panels
healed without pressure. Two of the eight panels healed under
pressure recovered to 93% and 95% of the average compressive
strength of undamaged C-III panels. Additionally, panels healed
under pressure consistently showed significantly higher SMTS (Ta-
ble 4), further evidence of improved self-healing performance. A
set of control panels (C-1II) which underwent the same “healing”
conditions under pressure showed no increase in RCS or SMTS
(Table 4).

Also of interest is the mechanical degradation caused by addi-
tion of self-healing components. As previously discussed, it was
found that the combination of both DCPD microcapsules and wax
microspheres reduced the damage resistance of panels subject to
low-velocity impact. In addition, it has been shown that microcap-
sule addition reduces the effective tensile strength of the matrix
[48,49]. However, comparisons of RCS of undamaged C-I and C-III
controls (Table 3) show the self-healing components in C-III panels
do not reduce in-plane compressive strength. Similarly, no signifi-
cant difference is seen for SMTS. Since compressive failure in wo-
ven laminates can be initiated by fiber microbuckling and
kinking in the fiber-rich regions [50,51], it is possible that because
the self-healing components are segregated in the interlaminar re-
gions, they do not appreciably affect this failure process. Thus, the
addition of self-healing components, which reduces damage resis-
tance, does not have a deleterious effect on undamaged in-plane
compressive properties obtained using the CAI fixture. This behav-
ior may not be reflective of other composite materials more sensi-
tive to fiber alignment, such as laminates made from unidirectional
plies.

5. Conclusion

In this study we have demonstrated autonomic self-healing of
impact damage in composite materials for the first time using a
microencapsulated approach. Fluorescent labeling of matrix dam-
age combined with image processing shows a significant decrease
in observed crack length when comparing impacted self-healing
panels to impacted control panels. Furthermore, the addition of
microcapsules to the matrix of the composite had little effect on
impact damage resistance, while the additional incorporation of
wax microspheres increased impact damage considerably. This

Table 4
Summary of CAI test results for panels impacted with 45.1] with and without
pressure during healing period. Errors reported are +1 standard deviation.

Type Healing Compressive Average stress at maximum
pressure (kPa) strength (MPa) tangent stiffness (MPa)
C-lI1 0 55+24 27 £3.5
1077 54+5.0 27 4.1
SH 0 56+4.7 32+35
1077 6410 40+6.2

reduction in damage resistance due to the presence of wax micro-
spheres is an important limitation that should be addressed in fu-
ture self-healing systems.

Using a protocol based on CAI testing, self-healing panels
showed recovery in average stress at maximum tangent stiffness
and residual compressive strength. CAI results indicate that self-
healing increases the threshold impact energy by nearly twofold
compared to non-self-healing controls. Self-healing panels healed
under lateral pressure showed greater recovery of residual com-
pressive strength and average stress at maximum tangent stiffness,
due to more complete filling of damage volume. The results of this
study demonstrate the potential for significant mechanical recov-
ery of damage in impacted composites when complete filling of
damage is feasible with the microencapsulated self-healing mate-
rial approach. Conversely, these results also indicate that auto-
nomic self-healing in impacted composites can be enhanced by
increasing the delivery volume of healing agent to the damage
zone, or by reducing the damage volume induced by impact.
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