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Fiber reinforced polymers are massively used as an alternative to metals in structural
applications. The brittle nature of their matrix, however, makes them more susceptible to
crack formation and propagation resulting in costly repair operations and increased
environmental impact. Intrinsic healable composites provide a good alternative to these
conventional composite materials, whereas their mechanical properties in static solicitation
or impact testing are well documented, only few studies address fatigue testing. This
research focuses on 3-point bending fatigue tests of polymer-blend based healable
E-glass composite materials. The S-N curve was first built to compare the fatigue
behavior of the healable system to a conventional epoxy composite. A statistical
approach based on Weibull statistics was developed to predict the failure probability
as a function of the applied stress amplitude, to compare both systems at equivalent
probability of failure. The healable system showed a higher fatigue resistance at high cycle
fatigue. Furthermore, a full stiffness recovery was obtained and a life extension of at least
five times compared to the reference system when healed after reaching a 90% chance of
survival. The healable system thus opens new perspectives for more sustainable load-
bearing composites.

Keywords: self-healing, composites, fatigue, failure prediction, Weibull statistics

INTRODUCTION

The use of fiber reinforced polymers as a stiff and lightweight alternative to metal in structural
applications enables to reach higher performance especially in transport, energy, and aerospace
industry. However, the brittle nature of these materials makes them more prone to damage during
manufacturing, handling, maintenance activities or during operation. Repair is not straightforward
and often requires to remove part of the damaged zone and adhesively bond composite patches
(Bond et al., 2008; Katnam et al., 2015; Préau et al., 2016). The overall budget for composite materials
repair is thus significant and expected to reach not less than 22 Bn$ worldwide by 2026
(MarketsAndMarkets, 2017); in parallel, tons of unrecycled composite waste are produced due
to unrepaired damaged structures, reaching 40,000 tons in France for the year 2015 (JEC-GROUP,
2017). Self-healing and more especially healable composites are a promising alternative to
conventional composites to reduce repair costs and waste because of their ease of repair,
demanding no additional material, which sometimes goes along with increased recyclability
using moderate manpower and energy.
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Healable polymer systems have been under investigation in
the recent years, in particular integrating healing functionalities
into thermoset polymers for the autonomous repair of subcritical
damage in composite materials (Cohades et al., 2018). Two
approaches are usually identified: a) extrinsic healable systems,
where an extrinsic healing agent is integrated in the matrix
through loaded microcapsules or vascules, and is released after
damage events so as to flow, fill, and heal the crack after
polymerization (Blaiszik, et al., 2010; Kling and Czigany 2014),
b) intrinsic healable systems, based on a modification of the
matrix chemistry itself providing autonomous healing capabilities
to the system (Garcia, 2014). Extrinsic systems generally show a
reduction in composite mechanical properties by the integration
of a large amount of capsules or vascules necessary to reach good
healing capabilities; alternatively, the volume fraction of
structural fibers is reduced, and the textile structure modified
to make sufficient space for the healing agent containers; finally,
these are limited to one healing cycle, and/or require the use of
external pumping systems to circulate the healing fluids (Kessler
and White, 2001; Patel et al., 2010; Norris et al., 2013; Patrick
et al., 2014; Manfredi et al., 2015; Zhu et al., 2016). The intrinsic
healing approach solves most of these issues providing the initial
matrix with healable capabilities through reversible covalent
(Park et al., 2009; Heo and Sodano 2015) bonds (Post et al.,
2017; Shabani et al., 2020), supramolecular chemistries (Sordo
and Michaud, 2016) or polymer blends (Pingkarawat et al., 2013;
Cohades and Michaud 2017). Even if these intrinsic systems
demonstrate good healing capabilities, and allow composites with
a high load of reinforcing fibers, their mechanical properties are
usually below those of conventional epoxy in term of stiffness,
strength and damage tolerance. This is particularly true for
composites based on matrices that heal at room temperature,
which tend to show high mobility of bonds, and thus low
mechanical properties (Deng et al., 2015; Sordo and Michaud
2016).

Healing efficiency is generally determined in composite
materials through static fracture mechanics tests, in mode I or
II, bending tests or compression after impact (Tsangouri et al.,
2015); however, few studies are carried out on cyclic damage
progression, as found in fatigue, although this case is one where
small matrix cracks initially develop, that may be healed if caught
at an early stage. Several studies were conducted on the fatigue
resistance of extrinsic self-healing systems showing a retardation
of failure due to the increased tortuosity of the crack path (Brown
et al., 2005; Hamilton et al., 2012; Luterbacher et al., 2016; Ye,
et al. 2017; Kim et al., 2019); however, little work is reported on
the fatigue performance of intrinsically healable composites,
although it is a key parameter for their long term integration
as a structural material. To the best of our knowledge, only
Pingkarawat and co-workers (Pingkarawat et al, 2012;
Pingkarawat et al, 2013; Pingkarawat et al, 2014; Ladani
et al, 2019) investigated the fatigue behavior of carbon-epoxy
composites, using thermoplastic additives and only in double
cantilever beam forced crack propagation mode, under cyclic
loading. They found that thermoplastic additives in general
helped retard the fatigue crack growth in mode I due to the
presence of bridging thermoplastic ligaments formed in the
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healing operation at the crack location. Polyethylene-co-
methacrylic acid (EMAA) was found to be the most effective,
and was shown to also delay crack growth under cyclic loading
when under the form of stitches, provided the quantity was high
enough, or when they were combined with carbon fiber tows
(Pingkarawat et al. 2014; Ladani et al., 2019). In this research, a
commercial healable system based on epoxy/thermoplastic
polymer blends was tested in 3-point bending fatigue to
investigate its performance compared to a conventional epoxy-
based composite. This loading method was chosen to concentrate
the damage at the center of the specimen and to mimic potential
applications where the part is loaded in flexural mode.
Furthermore, a statistical approach based on Weibull statistics
was developed to predict the probability of failure of the samples
as a function of any applied stress amplitude. This approach was
used as a damage criterion to reach a similar extent of damage in
the two systems before healing, and re-testing to assess the
healing efficiency.

MATERIALS AND METHODS

Materials and Samples Preparation
Two types of resin were used to produce the samples. A first set of

plates was produced with the healable system from CompPair
Technologies Ltd. This novel resin system is based on epoxy/
thermoplastic blends capable of autonomous healing by heat
treatment at 150°C for 30 min. The second set was produced
with the EPIKOTEw MGS RIMR 135 from Hexion, a
difunctional bisphenol A/epichlorohydrin derived liquid epoxy
resin commonly used in rotor blades industry for wind turbines
or boat building and cured with EPIKUREw Curing Agent
MGSw RIMH 137 with a 100:30 weight mixing ratio and used
as reference. The reinforcement was a woven twill 2 x 2 E-glass
fabric with a nominal areal weight of 390 g/m”, 6 end/cm for wrap
fibers and 6.7 picks/cm for weft fibers, with a diameter of 9 um, a
yarn thickness of 0.45 mm, warp tex of 68 x 5 and weft tex of 272,
from Suter-Kunststoffe AG.

Both systems were produced by vacuum assisted resin infusion
molding. Sixteen layers of reinforcements were cut in 350 mm x
250 mm rectangles and stacked following a quasi-isotropic
stacking sequence of [(+45/-45);(0/90)]4. The stack was
infused at room temperature through the long edge with the
resin systems and then cured at 60°C for 6h. A post-cure
treatment was then performed for 4h at 80°C and 1h at
100°C to reach the infinite glass transition temperature of the
system (Tgne = 97°C). The resulting composite had a target fiber
volume fraction (V¢) of 50 vol% with a thickness of ~5 mm.

Fractured samples from each system were transversally cut,
embedded in EPOFIX resin (Struers, Inc., Cleveland, United
States) and polished to a 1um diamond paste finish. The
crack profiles were then observed with an optical microscope
(Olympus BH-2).

Three-Point Bending Fatigue Testing
Rectangular samples were cut from the infused plates with
dimensions following 3-point bending ASTM D7264 (ASTM
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International, 2015) with a length, width and span-to-thickness
ratio of respectively, 120, 13 mm and 16:1 (80 mm for 5 mm thick
samples). The analysis method following this norm implies
treating the material as homogeneous which is incorrect for a
stack of laminates. In the special case of the symmetrical quasi-
isotropic layup studied here, a preliminary static stress analysis
with Altair ESAcompTM, using a woven 2-2 Twill glass and an
equivalent epoxy resin, showed that it can be approximated as a
homogeneous material in 3-point bending, allowing the use of
this simple approach for comparison purposes. Nonetheless, the
values provided in this work are thus an apparent maximal stress,
apparent maximal strain, and apparent flexural secant modulus
as defined in the norm, and are also based on a small strain
approximation. The tests were performed at a frequency of 5 Hz
on a 100 kN servo-hydraulic Schenk testing machine. Preliminary
tests were performed at 0.1, 2, and 5 Hz to confirm that the heat
generation due to micro-friction in the crack regions was
negligible up to 5 Hz, in order to ensure that no healing could
take place due to local heating during fatigue testing (Herman
et al., 1990; Gagel et al., 2006; Adam and Horst 2017; Movahedi-
Rad etal., 2018). These preliminary tests at 0.1 and 2 Hz were also
integrated in the final S-N curve.

The tests were conducted at room temperature under load
control with a loading ratio of R = 0.1 in compression. At least
three (Neyere > 106) and usually five (Neyqe < 106) replicates were
carried out for each stress conditions to establish the S-N curve of
the two systems. Note that because of the difference in volume
fraction of fibers (Vy) between the healable and reference systems
(Table 1), all the results are presented normalized to an
equivalent volume fraction of V¢ = 50% (which was the
theoretical target volume fraction) for better comparison. This
difference is due to the higher viscosity of the healable system that
leads to a lower fiber compaction during infusion.

To investigate the healing efficiency of the system, a damage
criterion was defined through Weibull statistical analysis of the
fatigue experiments allowing direct access to a survival
probability of the sample at a specific stress amplitude as a
function of the number of cycles. This approach was necessary
to take into account any difference in thickness and stiffness
between the two systems and be able to compare and reach a
similar amount of damage prior healing, since there is not direct
access to damage levels in these bulk fatigue experiments, as
compared to forced crack growth as performed in the literature.

The healing performance tests were performed at the stress
amplitude of 220 MPa (V; = 50% equivalent) at 5 Hz. Once the
sample had reached a number of cycles corresponding to a
survival probability of 90% (determined from the Weibull
statistical study), the tests were stopped, the samples were
healed at 150°C for 30 min in an oven, but under no applied
pressure, then cooled down for an additional 30 min at room

TABLE 1 | Volume fraction of fiber for the healable and reference system.

System Vi SD
Healable 0.39 0.0206
Reference 0.48 0.0052
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temperature (approximately 20 min from 150°C to ambient plus
an additional 10 min for temperature equilibration) and again
tested in fatigue at the exact same stress amplitude. This test-
healing procedure was repeated several times, and at each step the
change of the apparent flexural secant modulus calculated from
the estimated maximal strain value at the maximal load of each
cycle to determine the lifetime extension of the materials.

RESULTS AND DISCUSSION

S-N Curve Determination

The results of the fatigue tests, in the form of conventional S-N
curves (stress amplitude vs. number of cycles to failure), are given
in Figure 1 for the two studied systems, along with a standard
power law fit. The stress amplitude was corrected to an equivalent
volume fraction of Vy = 50% to take into account the large
difference in thickness due to the processing of the healable
system. This correction was carried out simply multiplying the
stress amplitude by the ratio 0.5/V; explaining the scattering of
the point regarding the applied stress. The ultimate strength in
static mode of the reference system (437 + 20 MPa) is slightly
higher than that of the healable systems (361 + 23 MPa) due to
the presence of the thermoplastic phase accordingly reducing the
flexural strength. Note that this diminution follows a rule of
mixture considering the amount of thermoplastic present in the
healable system, confirming the good quality of the composites.
Damage, however, progresses faster in the pure epoxy system
with a fatigue curve decreasing faster and even crossing the
healable systems endurance curve at a stress amplitude of
~200 MPa. The healable system is thus more durable than the
reference one in particular for a stress amplitude lower than
200 MPa, i.e., for high cycle fatigue. This case of fatigue is typically
the solicitation observed in structural parts during their lifetime.
In both systems, damage mainly occurred by interlaminar crack
propagation through the fiber tows and at the resin/fiber interface

500
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3
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<) p S
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- \\g \\g
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FIGURE 1 | S-N curve for the healable and reference system.
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FIGURE 2 | (Left) Micrograph of a reference sample after failure (o, = 191.8 MPa). (Right) Micrograph of a healable sample after failure (o, = 204.9 MPa).

(see Figure 2). Whereas the crack path in the reference system
clearly follows the tows outer boundary or directly progresses
through the tows, the healable system shows a similar crack path
location, but with a greater tortuosity which is expected since the
system is tougher than pure epoxy. Note that the lower fiber
volume fraction in the healable samples probably led to resin
pockets known to affect the local stress concentration and reduce
the fatigue performance of the material (Silva et al, 2005).
However, as the damage mostly propagated through the fiber
tows, we assumed that this effect can be neglected when
comparing our two types of samples. Nevertheless, the overall
fatigue resistance of the healable systems might therefore be
underestimated here, keeping a conservative approach in the
conclusions drawn.

Damage Criterion Determination—Weibull
Statistics

To evaluate the healing efficiency of the healable systems in
fatigue, a damage criterion had to be established, so as to
determine when to stop the test for each sample at the same
amount of damage. Indeed, simply fixing a stress amplitude and
stopping the test at an arbitrary number of cycles would not affect
the two systems identically because of their different intrinsic
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FIGURE 3 | Weibull lines for the healable system.

fatigue response. The same conclusion is reached when
considering the reduction in flexural secant modulus because
of the statistical nature of the tests. Damage was thus considered
as a probability of failure based on a two parameters Weibull
distribution characterized by a probability density function f(x)
(Khashaba, 2003; Sakin and Ay, 2008):

feo =B et )

a\a

where « and p are the shape and the scale parameter, respectively.
Following the methods described in Sakin and Ay (2008), the
cumulative density function is obtained by integrating the
probability density function, obtaining a probability of failure
F¢ and a probability of survival F, for a number of cycles x:

Fo=1-F=1-¢@ @)

By taking the natural logarithm and rearranging, the following
linear regression model is obtained:

Y=mX+c¢ (3)

With X =In(x), m=p8c=- p(n(ax)).
To determine the Weibull parameters, the unreliability of each
fatigue tests must be determined. The median ranks, the true
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FIGURE 4 | Weibull lines for the reference system.
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FIGURE 5 | Weibull curves for the healable system.

probability of failure that the ith sample of a group should have in
a group of n samples at a 50% confidence level, can be used to
estimate this value. In this study, Bernard’s median rank
approximation was used:

i-03

R = . 4
n+0.4 @)

By grouping the fatigue tests of similar stress amplitude in
groups of n samples, the median rank of each sample with a rank
i=1,2,3, .., n could be determined. From the Weibull lines
obtained by plotting In (In (1/ (1- MR))) against In(NNy) as plotted
in Figures 3 and 4, the parameters of linear regressions Y(X)
could be obtained for each stress level. This approach was carried
out for both the healable and reference system allowing to draw
survival curves as a function of the test’s stress amplitude, Figures
5 and 6. The detailed values for each stress conditions and
systems as well as the obtained Weibull parameters are shown
in Tables 2 and 3.
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TABLE 2| Weibull's parameter and parameters used to draw the Weibull lines for
the healable system.

o5 (MPa) # Cycles Rank « B

282.13 466
562
1,069
1,335
5,198
11,840
19,187
22,970
1,026,365
3,500,000
7,698,653

1,004 1.910

243.87 17,674 1.492

164.38 4,900,399 0.950

WN 2 DW= DMNWN =

The curves obtained from the median rank analysis only
provide a survival probability for a determined stress
amplitude; there is no direct generalization. To extend this
analysis to the full range of possible stress values, the
dependence of the Weibull parameters with respect to the
stress amplitude must be quantified. From the definition of the
survival probability and assuming that the number of cycles x
generally follows a power law behavior with respect to the applied
stress o:

B b\P
Fs=¢ (i) =e (07) (5)

The stress can now be directly linked to the first Weibull

parameter « as:

a(-In(Fs)"* = o” (6)

As p is usually much smaller than « and assuming a constant
value for Fg the expression would reduce to:

Ca = o”. (7)

From this simple analysis, « seems to be linked by a power law
to 0. However, fitting the experimental data shows that the
relation is closer to:

TABLE 3| Weibull's parameter and the parameters used to draw the Weibull lines
for the reference system.

o5 (MPa) # Cycles Rank « B

321.33 320
417
1,149
1,314
3,248
3,763
9,819
13,140
332,004
358,002
441,561
628,491

959 1.332

274.94 8961 1.357

180.91 493,527 3.256

ArON 2 DON=2DMON =
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Ca = ln(al’).

1
U—Cz)C3

a(o) = e( G

&)
The same approach was performed with the second Weibull
parameter g. Starting from the last expression of the previous

analysis:

a(~In (Fy)) = o H%ln((xln(—ln(Fs))) = bln(0)

Assuming again a constant value for F; and taking the
exponential on the expression gives:

o= (xCe(ﬁlb) ~ e(ﬁLb)

The stress amplitude is then exponentially linked to . It is
finally possible to find an expression for g as a function of the

®)
From this, it is then possible to find an expression for « as a
function of the stress amplitude fitting the experimental results as:

(10)

5o - <1n<0;1C2)>c_3

These fitting approaches were successfully applied to both
Weibull parameters on the two studied systems. An example of
the obtained fits is shown for the healable system in Figure 7 as
well as the detailed fitting parameters in Table 4.

Now that an expression for the Weibull parameters as a
function of the applied stress was found, it is possible to
determine the survival curve at any stress amplitude. A
comparison of the experimental values and the fitted survival
curves as well as additional new ones obtained from the fitting
approach at intermediate values are shown for the healable and
reference system in Figures 8 and 9.

The obtained fits closely follow the experimental data giving
a good approximation of the survival probability of the

100 =T==T==-==3 =====_
stress amplitude fitting the experimental results as: AN NN RN
\ \ \ \ \\ N,
\ \ \ \ NN
— 80+ ° vom \ R &
xX \ \ \ \ \ \
2 \ \ \ \ \ \
© “ \\ \\ “ \\ \\
TABLE 4 | Detailed fitting parameters to determine the Weibull parameters as a E 60 ‘ \‘ h “ “ ’\\
function of the stress amplitude. a ! Vo \ \ Y
Equati s P 5 -®- 282.12 MPa Vo \ v
quation ystem arameters g 20d --- 260MPa \ : \ \ Ny
o\ 5 -m- . | \ Voo
(o) = e("c,cz)“ Healable C, = -13.189 8 _E_ ggg 16\347PMPa ) Vool ! Vo
Cz = 1.004 g @ Voo \ Vo
S 204 200MPa & \ h \ Ve
Cs = 373918 o 180 MPa |} Voo \ Vol
Reference C; = -6.998 —¢- 164.33 MPa \ I \ Yo
C, = 1372 o - TN NN \ . s
N Cs = 419.663 10! 102 103 104 105 106 107
B(o) = (In(%))cl Healable Cy =-611.26 #Cycles [-]
C, = 1,839.149
Cs = -0.104 FIGURE 8 | Survival curves of the healable system obtained from the
Reference g‘ = 51 65.104 fitted Weibull parameters (dashed lines) as well as the initial experimental data
2= solid dots).
Cs = -1.805 ( )
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100 TABLE 5 | Summary of the stop criteria for the fatigue/healing tests.
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N N
\ \ \
= 80 \Q\ ‘\‘ “ Healable 220 172 18,401 90
= \ X Y Vo Reference 220 210 32,205 90
E \ \ \ \ \
Z 601 » VN Vo4
2 \ \ \ \ 1
n \ \ \ \
G -@- 321.33 MPa \ \ Vo
2 404 --- 300 MPa \ \ T . .
3 —m- 274.94 MPa \ Vol of the two S-N curves (see Figure 1). The change of the relative
3 -== 250 MPa \ VoA Vo flexural secant modulus of each system as a function of the
=% 4 \ \ . . . .
209 ;gg m: ‘\\ \ EURY | " number of cycles is shown in Figure 10. The efficiency of the
—&- 180.90 MPa N\ \\ ‘\\ “\ ‘\\ healing procedure is clearly observed for the healable system:
0+ — s ———— - . when stopping the test at a 90% probability of survival, the
10 10 10 10 10 10 sample could sustain 10 test/heal repetitions. Note however,
#Cycles [-] .
that the healable system could not be tested in a row because of
FIGURE 9 | Survival curves of the reference obtained from the fitted the extended testing time. The tests were stopped for 12 h after
Weibull parameters (dashed lines) as well as the initial experimental data (solid the 5th healing cycle, explaining the sudden peak of the relative
dots).

samples as a function of the stress amplitude. It is interesting to
note on Figure 8 that the curve at 164 MPa slightly diverges
from the prediction. This can be linked to the reduced number
of tested samples at this low stress amplitude because of the

time scale of the experiments (sometimes extending up to
17 days of tests).

Healing Efficiency

The healing efficiencies of each system were tested at 220 MPa
(Ve=50% equivalent) until a probability of survival of 90% was
reached. This probability corresponds to 18,401 cycles for the
healable system and 32,205 cycles for the reference system (see
Table 5). This difference is justified by the chosen stress
amplitude that corresponds to a region before the crossing

1.0 1 -
—— Healable
— 051 ;
m
=}
E]
T 00 . . ; .
= 0 2 4 6 8 10
[}
2
B 104
Ko]
o
\‘j —— Reference
0.5
0.0 T T T T
0 2 4 6 8 10
#Cycles/Nggy, [-]
FIGURE 10 | Relative secant modulus as a function of the number of
cycles normalized by the number of cycles corresponding to a probability of
90% of survival for the healable and reference system. The vertical dashed
lines correspond to each healing cycle.

modulus because of the longer time allowed for stress
relaxation. The reference system on the other hand shows
no improvement in durability from the healing cycle. Only a
small regain of properties was observed after the first (and only)
healing which was attributed to the relaxation of internal
stresses barely affecting its durability. The secant modulus
decrease of the reference sample is more marked after
healing, indicating that the healing step did not increase the
fatigue resistance of the reference system. Interesting to notice
as well is the increase in relative modulus for the healable
system just after healing, which is especially visible after the 6th
healing cycle. This different behavior compared to the reference
system can be attributed to the increased toughness of the
healable system, artificially increasing the relative modulus by
friction. These observations confirm the excellent efficiency of

the healable system to recover its mechanical properties in
fatigue.

CONCLUSION

The potential of healable composites as an alternative to
conventional composites was confirmed through 3-point
bending fatigue tests. The tested healable system showed
enhanced fatigue resistance compared to the reference system
at high cycle fatigue, opening a door to the use of these materials
in highly solicited structural parts. A damage criterion based on
Weibull statistics was successfully derived and used to work out a
probability of failure. Following this method, the life of the
healable system could be extended by at least five times
compared to that of the reference system by consecutive
testing/healing cycles. Note that this approach could also be
used to predict the failure of composite parts during their
operation, or to organize the maintenance schedule for parts

submitted to cyclic loading during their service. Even if the

mechanical properties of this healable system show promising

results, its processing under the present form led to a reduced

fiber volume fraction compared to conventional systems. This
study nonetheless demonstrates the high potential of this material
system at equivalent volume fraction.
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