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ABSTRACT

Thermoplastic interlayer provides an excellent opportunity to heal/repair inhomogeneities or damage in composites. By melting

the thermoplastic interlayer, the damage can be filled, thereby increasing the service life of the composite part. In this paper,

we analyzed the healing process of carbon fiber-reinforced epoxy matrix composites with a thermoplastic, structured interlayer
(created by FFF 3D printing method) during ENF tests. We observed the effect of the concentration of the interlayer and the ap-
plied surface pressure on the properties of the healing process. The results show that increasing interlayer content can improve
maximal healing efficiency from 96.6% +0.3% (25 A/A%) to 98.8% +0.3% (100 A/A%). While healing pressure does not affect the
healing efficiency significantly, it can reduce the optimal healing time. In all cases, healing efficiency has an optimum, after
which increased healing time leads to a decrease. To gain a deeper understanding of the process, we have adapted a control the-

ory model, which helps in the selection of optimal process parameters for healing, which can be utilized for other thermoplastic

interlayer-based healing methods.

1 | Introduction

In the past decade, the demand for carbon fiber-reinforced poly-
meric composites has rapidly grown due to their outstanding
mechanical properties [1-3]. Composite systems, which consist
of carbon fiber (CF) and epoxy resin (EP) tend to fail catastroph-
ically, without any sign before the final failure happens. This
catastrophic failure can be reduced by applying a thermoplastic
interlayer, which increases the interlaminar fracture toughness.
With thermoplastic interlayers, the CFRP systems tend to retain
their structural integrity after reaching their maximal load ca-
pacity, with which damage also develops [4-8]. If only moderate
damage is introduced, the created interlaminar damage can be

mended by filling with the molten interlayer material. By repair-
ing/healing the damaged composites, the system's ecological
footprint can be improved via reuse PEVuZE5vdGU [9, 10].

There are several methods to heal or repair damaged com-
posites. We can separate the healing methods according to
several properties [9, 10]. Based on the healing mechanism,
a self-healing system can be intrinsic or extrinsic. Intrinsic
systems provide the healing of the composite through molec-
ular interactions by the matrix itself. Meanwhile, extrinsic
systems work with pre-embedded external healing agents.
Another possibility of the classification of self-healing mech-
anisms is the initiation of the healing process. Based on that,
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Summary

 Healable composites were created with thermoplastic
interlaminar patterns.

» Repeated ENFtestsshowed good healing performance.

« Effect of thermoplastic content, pressure, and time
was investigated.

« Control theory model was created to optimize the
process.

a system can be autonomous or assisted. A self-healing sys-
tem is called autonomous when no external intervention is
required to initiate the healing process. Autonomous methods
include the microcapsule [11, 12], hollow fiber [13-15], and
vascular methods [16-18]. The healing agent, which is mainly
in liquid form, is incorporated in the matrix in the form of
capsules (microcapsules), hollow fibers (mainly hollow glass
fiber—HGF) or in a vascular system. The crack tear opens the
elements containing the liquid healing agent; then, the liquid
fills the resulting cracks or at least blunts crack tips. In the
filled cracks, the liquid cross-links, completing the healing
cycle. The advantage of the autonomous procedure is that, in
most cases, the material of the healing agent is the same as the
matrix material; thus, a strong connection can form between
the phases. The disadvantage of the procedure is that the heal-
ing agent ages with time, and in most cases, healing can only
be performed once [10, 14-16].

Healing methods that require external intervention are called
assisted. In the case of these methods, usually a polymer (mostly
thermoplastic) is embedded in the system. It can be distributed
in the matrix or can be an interlayer. Mending occurs via an
external energy stimulus (mostly heat), which causes reversible
bonding. Hayes et al. [19, 20] used Poly(butyl acrylate) (PBA) as
a healing agent, which was mixed into the resin before curing.
Hayes et al. [19, 20] found that by increasing the temperature of
mending, the healing efficiency of the impact-bent epoxy resin-
PBA blends increased, which is also true for the composites they
examined with the Mode I tests. In the case of composites, in-
creasing the mass ratio of the PBA healing agent also increased
the effectiveness of mending. Mending was performed at 130°C
for 1 h without external pressure. Jony et al. [21], Luo et al. [22],
Jiménez-Sudrez et al. [23], Dorigato et al. [24], and Karger [25]
used polycaprolactone (PCL) instead of PBA due to its relatively
low melting temperature. They used the same method to incor-
porate the healing agent in the resin. They achieved similar re-
sults during the tests. In each study, the authors observed that
the PCL filled the cracks due to its thermal expansion, which is
different from that of the composite. An important difference is
that the researchers used a different healing temperature (above
melting temperature—T,, in all cases), different healing time,
and a different pressure during the healing process. In addition
to the dispersion of the healing agent in the resin, another pos-
sibility is the interlayer method, which can be used to improve
interlaminar fracture toughness, thus improving several prop-
erties of the composite. With the help of the interlayer, crack
propagation can be slowed, and so the composite system can
absorb additional energy during failure. Wang et al. [26] used
Ethylene Methacrylic Acid (EMAA) as an interlayer. By using

EMAA films as an interlayer, the value of G,  improved signifi-
cantly compared to the neat composites. After the initial G|_ test,
the specimens were mended at 150°C for 30 min. After mending
was done, a second G| test was carried out, where a healing ef-
ficiency of 42% was achieved. Furman et al. [27], Meure et al.
[28], and Pingkarawat et al. [29] achieved similar results using
EMAA films in various tests, but in all papers different mending
parameters were used. The use of 3D printing techniques such
as the fused filament fabrication (FFF) method to introduce de-
signed thermoplastic interlayers [6] or create structured thermo-
plastic thermoset blends [24] is a widely researched hot topic in
the field of self-healing, not only optimized pattern designs [30],
but also biomimetic vascular systems can be created in the com-
posite structure [31].

In the case of methods that require external intervention, the
basic rule for mending temperature is that it should be above
the melting temperature of the thermoplastic healing material.
However, the researchers used a different temperature even for
the same material; they used a different curing pressure and
curing time. Also, the researchers did not examine the effect of
the individual parameters on the effectiveness of the treatment.
It is important to note that with both autonomous and assisted
methods, only the damaged resin can be mended; fractured fi-
bers cannot be healed.

The relevant literature shows that several studies were con-
ducted related to the area of self-healing composites. However,
these studies do not include any detailed investigation of the
effects of different healing parameters, or any modeling of the
healing process, which could lead to a deeper understanding of
the mechanisms and key affecting factors leading to the healing
of the composites. The aim of our research was to demonstrate
the repeated healability of our interfacially engineered com-
posites and to provide a method, which can be applied for other
similar systems, which creates the possibility to optimize and
model the healing process of self-healing systems incorporating
thermoplastic healing agents.

We examined the effect of mending pressure and interlayer
material content on the healing properties of CFRPs. For this,
we used fused filament fabrication (FFF) to print the interlayer
onto the surface of the fabrics. Afterwards, we carried out end-
notched flexure (ENF) tests on the specimens. The ENF test
setup was selected because it provides similar delamination
propagation, as observed in bent structures with internal flaws.
After the ENF tests, we mended the specimens with a hot press
with various pressures and various mending times at a fixed
temperature (above the melting temperature of the interlayer
material—T,, under the glass transition temperature of the
epoxy resin—Tg) and then performed a second ENF test. Based
on the results, we also modeled the process using control theory
to gain a deeper insight into the dynamics of the process.

2 | Experimental

We used the IPOX ER 1010 (IPOX Chemicals Kft., Budapest,
Hungary) DGEBA-based epoxy resin (EP) (epoxy equivalent
weight: 188 g/eq, density: 1.1 g/cm3) as the matrix of the com-
posite laminate with IPOX MH 3111 amine-based curing agent
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FIGURE1 | Interlayer printing on the surface of CF.

TABLE1 | FFF 3D printing parameters.

Printing temperature (°C) 180
Bed temperature (°C) 40
Layer height (MM) 0.2

(amine value: 460 mg KOH/g, density: 0.95 g/cm3). The mixing
weight ratio was 100:75, according to the producer's recom-
mendation. The EP was cured at 90°C. The resin system has a
glass transition temperature (Tg) of 80°C. Fiber reinforcement
was PX35FBUDO0300 (Zoltek Zrt., Nyergesujfalu, Hungary)
unidirectional carbon weave (309 g/m? surface weight), con-
sisting of Panex35 50k rovings resulting in an average cured
ply thickness of 0.37mm. For the 3D printed interface, we
selected eMorph175N05 (Shenzhen Esun Industrial Co. Ltd.,
Shenzhen, China) PCL filament. We chose PCL because it is
soluble in the matrix, thus it does not create a new phase and
it is easier to process than other thermoplastic additives. This
is due to its lower melting temperature and because it is a bio-
material, so it is not harmful to the environment, unlike many
high-performance additives. Filament diameter was 1.75mm
(density, p=1.16 g/cm?, melting temperature, T, = 60°C, print
temperature: 180°C).

Fused filament fabrication (FFF) technology was used to man-
ufacture the interfacial grid patterns (Figure 1). The main pa-
rameters of the 3D printing process are presented in Table 1.
We used poly(e-caprolactone) PCL as a surface modifier, which
can be used to create a weakened bond between the matrix and
the reinforcement. The basic geometry of the applied pattern
is shown in Figure 1 with the dimensions in Table 2 (for three
printed grids). We chose this based on our previous experimen-
tal results [32]. The increased surface fill rate was achieved by
increasing the thickness of each zone. For FFF printing, we used
a Craftbot Plus 3D printer.

Composite plates with [0°] layup sequence were manufactured.
We printed on the middle CF fabric (3rd layer). In the case of

TABLE 2 | Interlayer grid dimensions.

Surface filling (A/A%)

Length (mm) 25 50 100
x (line width) 1.0 2.2 —
v (line spacing) 7.0 5.8 —

Printed inter-layer
/

e

Initial delamination

FIGURE 2 | Interlayered specimens for the ENF test.

the 100 A/A% surface filling grid, we printed a film covering the
whole surface of the CF fabric. The laminates were manufac-
tured via vacuum infusion.

We used flat glass molds for vacuum infusion with peel plies
on both sides, which eased the removal of the PET film that
covered the mold. Above the peel plies, we placed the resin
guide net, which spread the resin evenly. A vacuum bag was
built over the laminate to provide uniform pressure and high
fiber content. A vacuum of 0.8 bar was applied for 3h in a dry-
ing oven at 90°C. Under these conditions, PCL was only partly
dissolved in the EP. The specimens were cut from the lami-
nates with a Mutronic Diadisc diamond disc saw according to
standard specifications. The dimensions of the specimens are
shown in Figure 2.

The specimens contained the initial delamination between the
same layers as the printed interlayer. In Figure 2, a is the initial
length of the delamination (45mm), b is the width of the test
specimen (25.4mm), L, is the distance between the supports
(120mm), L is the length of the specimen (163 mm), and lp is the
length of the interlayer pattern (90 mm). Table 1 contains the di-
mensions of the printed interlayer (x—line width and y—line
spacing definitions are presented in Figure 2).

3 | Results and Discussion

The initial damage was produced with ENF tests. The exper-
imental setup is shown in Figure 3a. The ENF tests were per-
formed until a 2.5% drop after maximum load. To calculate the
interlaminar fracture toughness, we used Equation (1) [33]

9P%a,’C,

- 2b(2L3 + 3a,?) M

IIc

where P, (N) is the maximum force, a, (mm) is the critical length
of the crack, and C_ is the critical compliance (mm/N). The critical
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FIGURE3 | (a) ENF test setup (1—ENF specimen on supports, 2—digital camera for crack tracking), (b) Initial interlaminar fracture toughness

results.

crack length values were evaluated directly from the camera im-
ages; this method proved to be more precise compared to calcu-
lations because calculated a_ values typically underestimate the
actual crack position. The initial interlaminar fracture toughness
(Gy) results are shown in Figure 3b. In the case of reference sam-
ples (specimens without the PCL interlayer) the laminates sepa-
rated completely, and crack propagation was unstable. In contrast,
in the 3D printed interlayered specimens, crack propagation was
stable—after reaching maximal load capacity, the samples re-
tained their structural integrity. Ten specimens were tested for
each surface filling ratio. A Nikon 600D digital camera was used
in video mode for constant crack front position tracking.

3.1 | The Effect of Applied Pressure on the Healing
Process

After the initial damage via the ENF tests, the specimens were
healed with a hot press with three different pressures. We used
1, 2, and 10bar of surface pressure; the healing temperature was
65°C, which is above the melting temperature (T, ) of the PCL but
below the glass transition temperature (Tg) of the EP, so structural
integrity was not compromised. Before healing the specimens in
the main experiments, the time required for the middle of the sam-
ple to reach the melting temperature of PCL was measured with
thermocouples placed in the composite specimens as preliminary
experiments. We have used a K-type thermocouple wire probe to
measure the temperature between the middle plies of the compos-
ite. The data acquisition was performed with a Novus myPCLab
unit with a 2Hz sampling rate. A total of 5 specimens were tested
at 10bar pressure. As seen in Figure 4, approximately 8s of dwell
time in the heated platen press at 10bar pressure is needed to reach
the melting temperature of the added PCL. This is included in the
dead times calculated in the modeling section.

Firstly, we checked if the sample without interlayer material
showed any healing effect and proved that the epoxy used in
the experiments had no healing capability. PCL interlayer con-
centration was fixed at 25A/A%. With that, the thermoplastic
can bleed, which can mend delaminated surfaces. The healing
process was also carried out over different time intervals. In that
way, we were able to evaluate the effect of pressure and time on
the mending process. After the mending process, we tested the
specimens again and compared the G  values to the original
(undamaged) Gy, values. Using that, we calculated healing effi-
ciency, as Equation (2) shows.

~
o

e e e S e S L
FE]
. . ¥ ¥
O
L ¥
a3 ———Tm of PCL (~60 °C)
2
o
8 30 Time to reach PCL Tm
£
& 20 +  Thermocouple mid-plane
temperature measurements
10
0 .
0 2 4 6 8 10 12 14 16 18 20
Time (s)
FIGURE 4 | Measured mid-plane temperature of the laminate

during heat-up in platen press.

G
n= 1epqeq %100 @)

Heriiar
where 7 is the healing efficiency (%), G, ;,i1io; iS the initial inter-
laminar fracture toughness (kJ/m?), G p1etoateq 1S the interlaminar
fracture toughness after healing (kJ/m?). Healing can be moni-
tored if healing efficiency is plotted as a function of healing time.
In the initial stage of healing, until the bleeding of the thermo-
plastic material started towards the cracks, healing efficiency
hardly changes (a period of 10-15s in each case) (Figure 5). This
is followed by a transition phase with different slopes for different
treatment pressures. With higher pressure, the composite system
reaches maximum healing efficiency faster. The reason for this
is that as a result of higher pressure, the interface separations are
filled more quickly with the thermoplastic material. The time de-
rivative of healing shows that healing is faster when pressure is
higher. The time required to reach maximum efficiency also de-
creases as pressure increases, and the state of equilibrium occurs
sooner. With 10bar, the healing efficiency vs. time curve decreases
after reaching 7, ... This is more noticeable in the derivative of the
curve, where negative values also appear with the decrease.

The decreasing trend can be explained by interlayer mate-
rial melting and exiting towards the sides from the interface
(Figure 6). Due to the high pressure, the thermoplastic material
was able to leave the system more easily compared to low pres-
sures. Weight loss starts with the onset of the deterioration of
G- The decreasing weight of a test specimen shows that 25%
of the PCL material in the system melted and left the specimen,
significantly reducing the thickness of the boundary layer. Thus,
less thermoplastic material was present in the shear zone, less
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FIGURE 5 | (a) Effect of treatment pressure on the healing of composites in the case of interlaminar fracture toughness; (b) Time derivative of

healing efficiency (PCL interlayer concentration was fixed at 25 A/A%).
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FIGURE 6 | Weight loss at a pressure of 10bar; (a) relationship between time and mass loss on a logarithmic scale; (b) dissolving PCL from the

side view in close-up shots; (c) melted interlayer material.
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FIGURE7 | Effectof concentration of the interlayer —25 (C25), 50 (C50) and 100 (C100) A/A%—on the interlayer fracture toughness of composites
at a pressure of p=10bar; (a) healing efficiency; (b) time derivative of healing efficiency.

energy was required for crack propagation, and unstable crack
propagation started earlier, even at a lower force.

3.2 | The Effect of Interlayer Content on
the Healing Process

We carried out the tests at the surface concentration levels
mentioned in the previous section (25, 50, and 100 A/A%) at

a fixed surface pressure of 10bar (Figure 7). Each point in
Figure 6 and onward represents a single measurement on a sin-
gle specimen; we have chosen fine spacing of sampling points
on the x-axis to show information not only about the trend but
also the repeatability of the measurements. There was a dif-
ference between maximum healing efficiency levels with the
different concentrations, which did not show any dependence
on the applied pressure. Healing efficiency increased with in-
creasing interlayer concentration. It was 96.6% +0.3% for the
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25A/A% samples, 97.4% +0.2% for the 50 A/A% samples, and
98.8% £ 0.3% for the 100 A/A% samples. The reason for this is
that at a higher concentration level, more interlayer material
is available for healing, so the material can fill the defects bet-
ter. With increasing healing time, healing efficiency shows a
saturation. With sufficient treatment time, the thermoplastic
layer melts from the separated surfaces like previously. In this
case, efficiency approaches the performance of the composites
in which the delamination between the 3rd and 4th layers is
present along its entire length. The time to reach saturation at
a pressure of 10bar is 1h.

__hm

PCL

FIGURE 8 | Free surface of PCL interlayers at the edges of the spec-
imens with different surface fillings.

The decrease in efficiency can be connected to the decrease in
mass, just like the PCL loss experienced during the previous se-
ries of experiments. In the case of samples with a larger interlayer
content, the speed of this decrease was faster and the PCL left the
system sooner. This appeared due to the cutting of the specimens.
In the case of samples with 100 A/A% surface fill, this provided
a complete free surface in the middle layer for the melting of the
thermoplastic layer. In the case of lower fill rates, the PCL was not
exposed on the entire surface at the edge of the test specimens, so it
left the system more slowly at the same pressure (Figure 8).

3.3 | Modeling the Healing Process

The healing process can be well approximated with the help of
control theory models [34]. With the use of a model, the behav-
ior of a system can be investigated regardless of concentration
or healing pressure. For the model, it is necessary to determine
the input signal (X; () and the response of the system (X_(£).
Graphical definition of the two signals is essential to determine
the appropriate transfer function (Figure 9a).

Xin(s) Xout(S
Transfer
function
b) g h D PFO
? 100 b | . K
QD o5 M [0)
@) N 2
2 | £ g
[0 o
o (7p]
2 o ANAA &
3
O [—
L 1do 150

0 4 50
/ Time (8)

-

/" PDFO

_ -
Xin(S) ~ Dead Time

D
g (D)

Proportional Xout(8)

First Order Unit

(PFO)

(P)

Proportional unit \

Xin(8)=Xout(8)[W+(8)+W(8)Ws(s)]

) w,4(s)=P
w,(s)=D
w;(s)=PFO

FIGURE9 | (a)Control theory model, (b) the response of composites to jump excitation and the control theory model; D =dead time; P = propor-

tional unit; PFO = proportional first order unit.
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During the healing process, the excitation is pressure and heat.
The response to this is that the interlayer material fills the cracks
and separations over time. The nature of this transition can be
determined based on the transient part of the response function.
During repair, the efficiency of healing changes from an initial
stable state to a new stable state; the efficiency of healing is the
difference between the initial and the maximally achievable heal-
ing efficiency (An=15, Gy, ratio pairs of the actual and initial and
maximally achievable values), which corresponds to a jump exci-
tation. The response can be divided into several parts. A propor-
tional response to the jump stimulus is generated during the first

< 120 ¢

\o N

o o

< 100 | -

A 80
60

(a 40 T

20

‘ 0 L '

0 Ty 20 40

20 ©

Time (8)

FIGURE10 | Explanation of the parameters of the model used in the
healing of partially damaged composites.
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initial phase without delay. The reason for this is that the final fail-
ure did not occur during the first ENF tests, that is, the composites
still maintained their integrity, so they were able to take up loads
at the start of the next cycle, thus having an initial G;;_ value. This
can be characterized with a proportional term (P, ). The value of P,
is independent of the surface filling and pressure applied during
the process. After this, a delay can be observed, that is, a further
response to the jump excitation is not immediately generated. This
can be defined with a dead time term (D) (due to the time required
to bring the PCL to a viscous state). The transient that appears can
be well approximated with a proportional first-order unit (PFO).
This is because the equilibrium state needs time after the end of
the dead time, that is, the stable state does not occur immediately.
The parameters of the transfer function of the proportional first
order are the system time constant (7) and the proportionality fac-
tor (P,). The value of P,, which can be explained with the maximal
achievable healing efficiency, varies with different concentrations,
since none of the samples reached the theoretically achievable
100% cure, but by increasing surface filling, we were able to ap-
proach 100% better. Meanwhile, the value of 7 influences the time
required to reach the maximal achievable healing efficiency and
depends on time and surface filling. The theoretical system model
is shown in detail in Figure 9b.

The transfer function of the system can be described with a pro-
portional unit connected in parallel with a PDFO (a dead time
and a proportional first order unit connected in series). The
length of dead time depends on pressures and surface filling
(D) (Figure 8b). To determine the parameters, we used ordinary
least squares. The fitted model can be defined with Equation (3),
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FIGURE11 | (a)Fitted model for the point set of samples cured at 2bar pressure, (b) Fitted model of the response function for different pressures,

(c) The dependence of the time constant on pressure during the healing process (C25); (d) The dependence of the time-constant on surface concen-

tration during the healing process (p =1bar).
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where X is the response (healing efficiency, 7, %); P, is the
remaining interlayer fracture toughness divided by the original
value, the proportionality unit (%); P, is the proportionality unit
(-); t is the healing time (s); the time constant 7 (s) and dead time
Ty, (s). The parameters of the model are illustrated in Figure 10.
At t=0, a proportional unit (P,) immediately appears in the re-
sponse to the jump excitation, which is followed by a dead time
(D), after which the transient part appears, that is the proportional
first order unit (with proportionality factor P, and time constant
7). With the help of the equation, the time required for the max-
imally achievable healing efficiency can be determined, but it is
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not suitable for modeling the decrease caused by the thermoplastic
material leaving the system. Modeling the latter requires that the
equation is supplemented with an additional element connected in
series with a dead time and single-storage proportional term.

Figure 11ab shows the fitted curves with different pressures. It
shows that with higher pressure, the maximum heal ability of
the system was reached sooner. However, at a pressure of 10bar,
the model can only be used within certain limits, up to the max-
imum healing efficiency. This is due to the fact that the decrease
observed in the measurements, which is caused by the exiting
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FIGURE 12 | The dependence of the (a) dead time and (b) time constant on pressure and concentration in the model of the healing of partially

damaged composites.
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melted thermoplastic interlayer material, is not included in the
model. However, the model is well suited for determining the
optimal time for healing.

Based on our results, we also created a model for concentration
and pressure based on the previous models. The time constant
decreases significantly as the pressure increases, that is max-
imum efficiency is achieved in less time (Figure 1lc,d). The
pressure had a greater effect on this rate than the surface con-
centration of PCL. It indicates that surface fill has a smaller ef-
fect than pressure. Increasing pressure accelerates healing more.

A larger, comprehensive model can be formed from the two sep-
arate series of experiments, which can model both the pressure
and concentration dependence of the system. Therefore, we per-
formed the measurements at three different pressures, as well as
with three different concentrations.

From the preliminary results, the parameters used during the
fitting showed pressure- and concentration-dependent proper-
ties (z, T). The reason for this is that during the process, the
pressure accelerates reaction speed, so with higher pressures,
the cracks are filled more quickly. Furthermore, concentration
also affects the previous two factors in a similar way: at higher
interlayer content, the necessary flow path is shorter, and the
cracks are filled faster thanks to the excess material. In the
case of the proportional term, only concentration dependence
is observed. The reason for this is that the maximum achievable
healing efficiency only depends on the PCL present in the sys-
tem; the pressure can only influence the speed of the reaction.

We fitted a surface on D and of 7 as a function of pressure
(1-10bar) and surface fill (25-100 A/A%) with the MatLab pro-
gram (Figure 12). The surfaces clearly show the dependence of
dead time and time constant on these parameters. The behavior
of the proportional member is linear.

At the surface pressure of 1bar, interlayer content changes dead
time and P,. Increasing the interlayer content decreases the time
requirement for the transient part (decreases D), and also increases
the maximal achievable healing efficiency (P,). Furthermore, the
derivative function shows that the reaction rate is also affected by
concentration. By increasing the interlayer content, the recovery
process speeds up and the derivative approaches 0 faster, that is the
system can reach the maximum recovery for a given concentration
level sooner. This is also true in the case of the dead time, which
shows a continuous, exponential decrease on the curves describ-
ing the healing process (Figure 13a,b).

However, when pressure is changed, the proportional term does
not change based on the statement discussed above. The dead
time term and 7 also show parameter dependence here, just like
in the case of surface fill. Similarly, to the curves of increasing
surface fill, with increasing pressure, dead time continuously de-
creases, which is also true for the time constant (Figure 13c,d).

4 | Conclusion

We have developed a new qualification method, which is suit-
able for characterizing the healing process of composite samples

of carbon fiber-reinforced epoxy resin composites with an in-
terlayer of polycaprolactone damaged with end-notched flex-
ure tests. The measurement procedure is based on observing
the change in critical interlaminar fracture toughness; thereby,
the change in the healing process and its effectiveness can be
followed.

The results show that healing efficiency increases with increas-
ing interlayer concentration from 96.6%+0.3% (25A/A%) to
98.8% +0.3% (100 A/A%). Meanwhile, healing pressure does not
have any significant effect on the healing efficiency, although
the time necessary for reaching maximal healing efficiency can
be reduced by increasing healing pressure. In each case, after ex-
ceeding the optimal healing time, healing efficiency decreases,
which can be explained by the bleeding of PCL thermoplastic
interlayer material.

We showed that the healing process can be described with a
control theory model. The control theory model consists of a
proportional unit connected in parallel with the dead time and
proportional first-order unit connected in series (Figure 9). With
the help of the equation, the time required for the maximal
achievable healing efficiency can be determined, but it is not
suitable for modeling the decrease caused by the melting of the
thermoplastic material.
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