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Abstract

The objective of this manuscript is to describe experimental work that quantifies the damage and self-healing behav-
ior of fiber-reinforced, polymer-matrix, laminated composites. The effects of damage and healing on stiffness and
strength are described. While previous research looks at healing of macro-cracks, this work studies the healing of
micro-cracks. Therefore, this work quantifies the effect of damage and self-healing within the context of continuum
damage mechanics. This work also evaluates the effects of incorporating a self-healing system on the overall material
properties of a laminate before and after the self-healing system is self-activated. Self-healing of glass fiber-reinforced
epoxy laminates is accomplished by a dispersion of micro-capsules containing a healing agent and an encapsulated
catalyst. The healing agent, dicyclopentadiene is encapsulated and then dispersed in the epoxy resin during hand lay-
up. The catalyst capable of initiating a ROMP reaction with the DCPD is also encapsulated and dispersed in similar
fashion. Continuum Damage Mechanics is used purposely to avoid having to investigate the micro-structural features
of the complex composite/healing system but rather to assess the composite's performance using macroscopic fea-
tures, i.e., reduced stiffness, which directly relates to structural performance an it is much easier to quantify experimentally.

Introduction

Composite materials are formed by the combination of
two or more distinct materials to form a new material with
enhanced properties'. Recently, a number of self-healing
systems have been proposed?®. Of particular interest to
us are self-healing polymers and composites. One sys-
tem in particular incorporates the use of urea-formalde-
hyde micro-capsules filled with dicyclopentadiene (DCPD)
and Ruthenium catalyst’"°. Micro-capsules and catalyst
are uniformly dispersed in the matrix material. The micro-
capsules are ruptured by growing micro-cracks in the com-
posite. While prior literature has shown that macro-cracks
are able to cause the release the healing agent"-*, the
present work shows that distributed damage in the form of
micro-cracks also initiates the release of healing agent.
Once ruptured, the micro-capsules release the DCPD,
which travels through capillary action into the propagated
crack and comes into contact with the catalyst's. The
chemical reaction creates a living polymer'®'® that fills the
void made by the micro-crack, thus healing the compos-
ite. Prior research deals with experimental study of frac-
ture toughness of double cantilever beam, tapered cantile-
ver beam, and compact tension specimens’® ' "2were an
induced macro-crack is then healed. Specimens with in-
duced macro-fractures have been used to show as much
as 75% fracture toughness recovery”®. The present work
considers healing of micro-cracks and quantifies the ef-
fects of incorporating a self-healing system on the overall
material properties of a laminate, before and after the self-
healing system is self-activated. Fabrication of a compos-
ite with both micro-capsules and healing agent dispersed
in the intra-laminar region, and subsequent testing to dem-
onstrate autonomic healing is accomplished.

The self-healing system uses the ROMP reaction of
dicyclopentadiene'” with Grubbs' Ru catalyst'®, which does
not require precise stoichiometry and it can be triggered at
low concentration". Several variations of the encapsula-
tion process of DCPD have been discussed in the litera-
ture'®2, Agitation rate in the range 200-2000 rpm controls
the diameter of the microcapsule®2, Typical fill content of
the micro-capsules is 83-92 %wt DCPD and 6-12 %wt
urea-formaldehyde, 2-56% water?. Typically the average fill
content of the micro-capsules decreases by 2.3 %wt after
30 days in ambient conditions?® and thus, shelf life is a
concern. The strength and permeability of the micro-cap-
sules is controlied by the shell wall thickness, typically in
the 0.2-1.3 micron range. It is important that the shell wall
is strong enough to keep the capsule from breaking during
the lay-up process, yet still rupture when the crack reaches
the microcapsule.

In"'2, the crack-healing efficiency is defined as the %
recovery of fracture toughness measured by tapered double-
cantilever beam (TDCB). The specimens were allowed to
heal for 48 hr before they were retested. The healing effi-
ciency increases and the gel time decreases exponen-
tially as the concentration of the catalyst increases. Cata-
lyst concentrations in the range 2-40 g/Liter of catalyst to
DCPD ratio were studied''. Concentrations of 0-25 wt% of
180 micron diameter micro-capsules were used in samples
that were fractured; then healed manually'. The virgin frac-
ture toughness of the material increases as the concen-
tration of micro-capsules increases the range 0-25% weight
of micro-capsules to Epoxy (EPON 828) and 12 pph DETA
curing agent. Near perfect healing is obtained at 25% wt.

Grubbs’ catalyst retains its activity when mixed with the
EPON® 828/DETA system during cure. However, when
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mixed with the DETA curing agent alone the catalyst ex-
periences rapid deactivation™. Catalyst particle sizes in
the range 180-355 microns produce the highest healing
efficiency out of a range 75-1000 micron studied"'. The
virgin fracture toughness decreases and the healing effi-
ciency increases as the concentration of the catalyst in-
creases from 0-4 %wt of resin''. This is due to the tough-
ening effect of the foreign particles in the neat Epoxy. Maxi-
mum toughness reported in the literature may reach 127
% of the neat epoxy toughness. Smaller micro-capsules
yield more toughening even at lower concentrations®.

Larger micro-capsules yield greater efficiency. While us-
ing 2.5 %wt catalyst and 10 %wt micro-capsules with sizes
in the 180-460 micron range, the 460 micron micro-cap-
sules yield the greatest healing efficiency''. The time for
the reaction of Grubbs' catalyst and the DCPD healing
agent also plays an important role in the healing efficiency
of the specimen. Using 5-10 %wt of 180 microns diameter
micro-capsules and 2.5 wt% catalyst, significant healing
efficiencies develop after 25 min and steady-state values
are reached after 10 hr™.

Delamination healing between layers of woven compos-
ites is reported in'?, where the catalyzed healing agent
was manually injected into the delamination region. Alter-
natively, un-catalyzed healing agent was injected into the
delamination region of specimens that had only catalyst
embedded.

The rate of in-situ polymerization for self-activated mate-
rials must be fast to prevent diffusion of the monomer into
the matrix'®. Since the healing system is a living polymer-
ization, repeated healing can occur'®. The healing efficiency
increases with the time the specimen is allowed to heal
until a maximum efficiency is reached at 48 Hr'®.

Since the catalyst does not disperse well in the epoxy
matrix and Diethylenetriamine (DETA) severely degrades
the catalyst as the epoxy initially cures, the catalyst was
encapsulated in paraffin wax®'. DCB fracture toughness
after healing with encapsulated catalyst loading in the range
0-1.25 %wt increases with catalyst loading up to 0.75 %wt,
reaching a healing efficiency of 93%3".

Other healing processes such as geological rock densi-
fication®, self-healing healing of concrete®*, and self-heal-
ing healing of ceramic materials®* have been discussed
in the literature. Some models for bone remodeling or
wounded skin regeneration have been developed for rela-
tively simple cases®3°. A constitutive model for compac-
tion of crushed rock salt has been proposed in the thermo-
dynamic framework®2,

Barbero et al.** developed a Continuous Damage and
Healing Mechanics (CDHM) model to predict the effects of
damage and subsequent self-healing as a function of load
history. The damage portion of the model has been exten-
sively identified and verified with data available in the litera-
ture**6, The self-healing portion of the models could not
be identified nor verified until now because lack of experi-
mental data for laminates undergoing distributed damage
(e.g., micro-cracking). Prior data exists only for fracture
toughness recovery due to healing of macro-cracks. There-

fore, the objective of this manuscript is to describe experi-
mental work that quantifies the damage and self-healing
behavior of fiber-reinforced, polymer-matrix, laminated com-
posites subjected to micro-crack damage. The effects of
damage, healing, damage hardening, and hardening re-
covery upon healing, are described. This work also evalu-
ates the effects of incorporating a self-healing system on
the overall material properties of a laminate before and af-
ter the self-healing system is self-activated.

Materials and Methods

Ethylene maleic anhydride (EMA) copolymer was ob-
tained from Zeeland Chemicals. Dicyclopentadiene (DCPD),
urea, ammonium chloride, formaldehyde, and sodium hy-
droxide were purchased from Fisher Scientific. Resorci-
nol, hydrochloric acid, and 1-octanol were purchased from
J.T. Baker. K-type thermocouples and thermocouple reader
were purchased from OMEGA. A Eurostar power control-
visc digital mixer was purchased from IKA Works, INC. A
three-bladed, 63.5mm diameter low-shear mixing impeller
was purchased from Cole Parmer. All solvents and sub-
stance used for preparation of EMA solution, acid and base
solutions and 1-octanol were of analytical grade.
Bis(tricyclohexylphosphine)benzylidine ruthenium (V)
dichloride (Grubbs' Ru catalyst) was purchased from Ma-
teria. A Gilson Performer Il sieve shaker and sieves were
purchased from Gilson Company, Inc. Neutral activated
aluminum oxide and paraffin wax was purchased from
Sigma Aldrich.

Samples were fabricated by hand lay-up and vacuum
bagging of fiberglass/Epoxy with 52% fiber volume fraction
for all systems. The addition of micro-capsules reduces
the matrix volume fraction only. The reinforcement con-
tains 90% of the fibers in the longitudinal direction and
10% in the transverse direction in a non-woven, non-stitched
system, which is held together by a binding agent when
dry. Various laminate stacking sequences (LSS) were fab-
ricated including unidirectional [0],, cross-ply [0]90,, and
[(0/90)] /45/-45],, where n is the number of (0/90) groups,
including quasi-isotropic [0/90/45/—45],. Unidirectional [0],
were used to identify the model parameters (Tables 1 and
2). All other laminate stacking sequences (LSS) were used
to verify the model prediction. The model is reported in“47.

Samples were fabricated with and without the self heal-
ing system. Those with self healing contained encapsu-
lated DCPD at 20%wt of Epoxy and wax-encapsulated
catalyst at 1.5 %wt of Epoxy. Vacuum bagging technique
is used to consolidate the samples, which are cured at
room temperature for 24 Hr. Tensile ASTM D3039%, com-
pressive SACMA-SRM-1R-94, and shear ASTM D5379%
specimens were cut from these samples.

In order to observe the damage effects uncoupled from
the healing effects, three types of tests were conducted.
Damage tests of unidirectional samples having no self-
healing were conducted to obtain baseline properties. Dam-
age tests of unidirectional samples with self-healing sys-
tem were conducted within a short period of time (two min-
utes or less at a loading rate of 0.05 in/min) without allow-
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Table 1. Material properties of unidirectional composite without self-heal-

ing system (see Nomenclature).

Material Value Number of Standard
Property Specimens Deviation
E, (MPa) 34784 5 2185.89
E, (MPa) 13469 3 587.32
v, 0.255 5 0.032
Uy 0.255 5 0.032
G,, (MPa) 3043 5 439.74
F,, (MPa) 592.3 5 29.32
E,, (MPa) 459.1 5 43.66
F,, (MPa) 68.86 3 9.17
F,. (MPa) 109.5 6 9.25
F, (MPa) 49.87 5 3.39

Table 2. Virgin material properties of samples containing the self-healing

Unrecoverable (plastic) strain can be
observed upon unloading, but only af-
ter a threshold value of stress (i.e.,

Coefficient .
. the yield strength) or strain (i.e., the
of Variation (%) yield strain) is reached during loading
6.28 (Figure 3).
436 Even though plastic strain is accu-
' mulated, initially the unloading modu-
12.61 lus remain unchanged and equal to
the loading modulus. For the unload-
12.61 ing modulus to change, that is to de-
14.45 crease below the value of the initial
loading modulus, damage must ap-
495 pear. Note that the word "unloading"
951 is added for emphasis and because
the reduction in modulus is first de-
13.32 tected during unloading of the speci-
8.45 men. But off course the modulus re-
’ duction is permanent. A reduction of
6.79 the unloading modulus with respect

to the initial loading modulus can be
observed only after a threshold value
of stress (i.e., the damage threshold

system." stress) or strain (i.e., the damage
Material Value Numberof Standard Coefficient ~ %reduction thre§hold .straln) is reached during
. . N loading (Figure 4).

Property Specimens Deviation of Variation (%) w.r.t Table 1 The threshold stress F . for appear-

E, (MPa) 30571 7 4185 13.7 -12 ance of unrecoverable (plastic) strain

) (i.e., the yield strength), and the

E, (MPa) 8699 7 829 93 33 threshold stress F_ for appearance

U, 0.251 6 0.035 14.1 -1.5 of irreversible damage, are read from

the loading portion of the (y,) curve

G, (MPa) 2547 3 207 8.2 6 (Figure 1) with the aid of Figures 3
F, (MPa) 397 7 66 16.6 33  and4.

The unrecoverable (plastic) strain 7¢

F,. (MPa) 232 5 59 25.5 52 asafunction of the applied total strain

F,, (MPa) 45 7 10 23.5 .34 ¥, are read for each cycle after full un-

x loading (Figure 2) and reported in Fig-
F,. (MPa) 109 5 109 10.6 0 ure 3.

F, (MPa) 38 4 2 5.7 26 The slope of the unloading curves

ing the self healing system to act. Finally, healing tests
allowed for 48 Hr of healing time after each cycle, prior to
reloading. For most of the data, the coefficient of variation
(COV)isin the range 5-15% (Tables 1-2).

The standard test method ASTM D30394 is used to de-
termineE,E,, v,,, F,, and F, . The standard test method
SACMA-SRM-1R-94* is used to determine F,_and F,_.
The standard test method ASTM D5379%is used to deter-
mine G,, and F, .

The configuration of ASTM D5379% is used to perform
cyclic shear stress-strain tests to obtain the non-linear
damaging behavior o,(y,) as shown in Figure 1. The load-
ing modulus is measured within a range of strain specified
by the standard. The unloading modulus is measured over
the entire unloading portion of the data, as shown in Figure
2.

(Figure 2) provides the damaged elas-
tic modulus G{‘; as a function of total applied strain v, (Fig-
ure 4).

The amount of damage d at the apex of each cycle (Fig-
ure 1) can be computed using the damage model equation

G =Gu(-d) [l

in terms of the unloading modulus G and the initial (un-
damaged) modulus G;, as

d=1-Gig, @

Upon unloading, the subsequent loading modulus is equal
to the last unloading modulus provided there is no healing.
The modulus can be partially or totally recovered if the
materials is allowed to heal. The amount of healing is rep-
resented by h and the damage is reduced, or healed, to a
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Shear stress [MPa]

0 1 2 3 4 5 6 7
Shear strain [%)

Figure 1. Shear stress-strain behavior of unidirectional,
neat specimen (no self-healing system). Loss of stiffness
and accumulation of plastic strain are evident.

new value
d,=d-h [3]
The loading modulus is then

G =G,(1-4d,) [4]

A definition for the efficiency n° of the healing system is
proposed as

d, d
gt =920 5
G~ G

in terms of the initial (virgin) shear modulus G2 , damaged
(unloading) shear modulus Gg , and healed (loading) shear

modulus G‘;h, which are all measurable parameters.

v, F andG§3,

The parameters G, v,,, F,, were not mea-
sured in this investigation because we focused on in-plane
behavior only.

The evolution of plastic strain is modeled with

7 =al (1= 1)+ @l (v -7’y 18]
where of , af, yJ” are adjusted to fit the experi-

mental data as shown in Figure 3, with 7" being the
yield strain.

The reduction of shear modulus is modeled with the lin-
ear relationship

(Gl‘.,‘z—alz):ald(}’é—}/gd) (7]
where g/ and y“are adjusted to fit the experimental data

as shown in Figure 4, with 7;”’ being the damage threshold
strain.

ASTM strain range
—»!
25
.
® 20 Y 7
C
7 .
- V
g S
2 15
@ V
5 /
5 10} 4
s e Experimental data
—{—{ oading G12=4.02 GPa
—O—Unloading G12=4.05 GPa
o Al Ddiimerschally

0 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9 1
Shear Strain [%]

Figure 2. Determination of loading and unloading shear
modulus of unidirectional sample as per ASTM D5379.

S

Plastic Strain [%]
w
|

n

1 11 threshold=0.33

Q 05 1 ' 15 2 » ‘ 2:5 - 3
Maximum Applied Strain [%]
Figure 3. Plastic strain vs. applied strain for unidirec-
tional, neat specimen (no self-healing system). Threshold
plastic strain (i.e., yield strain) is evident.

O Unloading

| e nioading trend |

T “ “ M Cycle 1 Loading |
== *Nodamage |

Shear Modulus {GPa}
w
»n

0 0;5 1 1.5 2 25 3
Max Applied Strain [%]
Figure 4. Shear modulus vs. applied strain of unidirec-

tional, neat specimen (no self-healing system). Threshold
damage strain is evident.
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Figure 5. Transverse tensile stress-strain behavior of three

unidirectional, neat specimens (no self-healing system).
Loss of stiffness is evident.
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Effect on Initial Properties

The self healing system occupies space that otherwise
could be occupied by neat resin, which results in reduc-
tion of longitudinal, transverse, and shear stiffness. Mate-
rial properties are reported in Table 1 for the unidirectional
composite without self-healing system and in Table 2 for
the composite with the self-healing system but not allowed
to heal. Addition of micro-capsules results in a reduction
of the longitudinal compressive strength but not of trans-
verse compression strength. Furthermore, longitudinal ten-
sile, transverse tensile, and shear strength are reduced
due to the presence of the micro-capsules. On the other
hand, dispersion of micro-capsules has a beneficial effect
on fracture toughness, as reported in.

It can be seen in Table 2 that most properties are signifi-
cantly degraded by the inclusion of the self-healing sys-
tem. It must be noted that in this study the %wt of micro-
capsules and encapsulated catalyst were purposely set
to high values in order to obtain noticeable and significant
effects of healing on the observed behavior. It remains for a
subsequent study to optimize the tradeoff between knock-
down of initial properties and self-healing recovery.

Damage Effects

It is important to note that continuum damage mechan-
ics (CDM), and by extension continuum damage-healing
mechanics (CDHM#), does not attempt to identify the pre-
cise damage mechanisms that take place. Instead, dam-
age is just a state variable that represents the loss of stiff-
ness due to damage®'. In this manuscript, healing is sim-
ply damage recovery, which is equivalent to stiffness re-
covery“.

Loss of stiffness due to damage is evident in all tensile
and shear tests of unidirectional samples with or without
embedded self healing, but it is more evident for trans-
verse tensile (Figure 5) and shear loading (Figure 4). The
loss of stiffness during transverse tensile tests is shown in
Figure 5 for the sample without self-healing system. Simi-

) F2c=110MPa

Py
n
(=3

g

Transverse compressive stress [MPa]
8 8 8

n
o

0 2 4 [ 8 10 12
Transverse compressive strain [%])

Figure 6. Transverse compression stress-strain behav-
ior of four unidirectional samples with self-healing system.
Note the early loss of stiffness.

lar behavior is observed in the samples with self-healing
system.

Transverse compression tests of unidirectional samples
with self healing system show noticeable but not severe
loss of stiffness at about one-third of the transverse com-
pression strength (Figure 6). :

Existence of damage and a damage threshold are dem-
onstrated by the fact that measured unloading modulus is
less than the loading moduius after the damage threshold
has been reached (Figure 4). No loss of stiffness occurs
when the applied strain is less than the threshold. After
the threshold is reached, the loss of modulus is propor-
tional to the applied strain. Since careful visual inspection
after each loading cycle does not reveal appearance of
any macro-crack, the loss of modulus is attributed and
modeled as distributed damage.

Also noticeable in Figure 3 is the accumulation of unre-
coverable (plastic) strain. While the physical, microstruc-
tural, and morphological mechanisms leading to plasticity
in polymers are different than those leading to plasticity in
metals, from a phenomenological and modeling point of
view, unrecoverable deformations can be modeled with plas-
ticity theory as long as the plastic strains are not associ-
ated to a reduction of the unloading modulus. The reduc-
tion of unloading modulus, which occurs independently of
the plastic strain, can be accounted for by continuum dam-
age mechanics. Each of these two phenomena have differ-
ent thresholds for initiation and evolve with different rates.
They are, however, coupled by the redistribution of stress
that both phenomena induce. In the model this is taken
into account by formulating the plasticity model in terms
of effective stress computed by the damage model“.

Shear tests reveal marked non-linearity (Figure 1) reach-
ing almost total loss of tangent stiffness prior to failure,
which occurs at large values of shear strain. Unloading
secant stiffness reveals marked loss of stiffness due to
damage, which worsens during cyclic re-loading (Figure
4). Also, unloading reveals significant plastic strains, ac-
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cumulating during cyclic re-loading (Figure 3). These ef-
fects are observed for both types of samples, with and
without embedded self healing.

The unidirectional material without healing system has a
plastic threshold »27=0.33%, which is lower than the dam-
0d

age threshold 7, =0.95% . At first, the material accumu-
lates plastic strain without noticeable loss of unloading
modulus. A typical loading-unloading cycle is depicted in
Figure 2.

Healing Effects

When the material is allowed to heal for 48 Hr after each
load-unload cycle, marked recovery of shear stiffness is
observed in subsequent shear loading (Figure 7). Repeated
loading-unioading-healing cycles reveal that the healing
system is eventually exhausted. Although the healing pro-
cess only delays the final outcome, such delay might be
crucial to maintain the integrity and/or operational capabil-
ity of in-service components. In other words, self-healing
provides artificial toughening to an otherwise brittle sys-
tem.

Since all the cycles depicted in Figure 8 where loaded to
approximately the same strain (about 2.5%), the plastic
strain does not increases with the number of cycles. Also,
the plastic strain is not affected by healing, thus providing
further evidence that the plasticity phenomena is indepen-
dent of the damage-healing phenomena.

In Figure 8, all the damage introduced in the first two
loading cycles is completely healed with 100% healing
efficiency. After that, the healing action is unable to fully
recover the initial modulus. In other words, after the sec-
ond cycle, not all of the damage can be healed. However,
healing effects are still noticeable after eight cycles at 2.5%
strain each.

Twenty-two unidirectional samples containing self-heal-
ing system were loaded in shear with one and one-half

35 1 Loading cycle 2
(after healing)
30 1 - - shifted to the origin
_2
&
=501 Loading cycle 2 .
@ (after healing)
é 15 g S S S S — S—
7]
10 T e A /A P
5 | . —
o]

0.0 0.5 1.0 15 2.0 25 3.0 35 4.0
Shear strain {%)
Figure 7. Unidirectional composite specimen allowed to
heal for 48 hr. The modulus is recovered with efficiency
0.983.

cycles consisting of loading, unloading, followed by 48 Hr
of healing time, and then re-loaded. Each specimen was
loaded to a unique value of maximum applied shear strain
in the range 0.5 to 4.0% strain with roughly equal number
of specimens loaded up to 0.5, 1.0, .., 4.0% strain at inter-
vals of 0.5%. A yield strain threshold value is apparent in
Figure 9.

Damage is calculated using Equation 2 and measured
values of loading and unloading shear moduli. Healing effi-
ciency is calculated using Equation 5 and measured val-
ues of initial, damaged, and healed shear moduli. A clear
value of yield strain can be obtained from the intercept in
Figure 9, where linear accumulation of plastic strain is
clearly observed.

Conclusions

This paper summarizes the previous work done in the
field of self-healing composite materials, which considered
healing of macro-cracks, and presents new results with a
similar system where micro-cracks are healed. The heal-
ing is quantified using a continuum damage mechanics
approach by evaluating the residual stiffness of the com-
posite after load induced damage. The proposed healing
efficiency (Equation 5) is a novel contribution to the field of
self-healing. Amethodology is presented that can be used
to characterize damage and healing of distributed micro-
cracking damage. Efficiencies of up to 1.0 were easily
obtained, even after two loading cycles, thus demonstrat-
ing successful fabrication that maintained the integrity of
the encapsulated healing agent while allowing release of
the healing agent under the action of distributed micro-
crack damage. Knockdown of nominal properties due to
the inclusion of the self-healing system were found to be
significant. The existence of a yield strain and a damage
threshold is demonstrated both by repeated cyclic load-
ing-unloading of individual specimens and by single-cycle
experiments on a large sample population loaded to vari-
ous values of strain within a large range of strain.

75* 25
&
g g
= -2 €
<
-
5 15 E
- 5
3 3
3 3B
H 2
g 1.4 - o o [ <
s . <@—G12lcading | 0s
12 =8~ G12 unloading : ’
—o— Applied strain
1 . 0
0 1 2 3 4 5 6 7 8 9
Load cycle #

Figure 8. Unidirectional composite specimen loaded to
2.5% strain, unloaded, and allowed to heal for 48 hr. The
cycle is repeated several times.
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Figure 9. Plastic strain vs. applied strain for several uni-
directional composite specimens, each loaded with a
single-cycle.
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