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In this work, damage sensing and self-healing of carbon fiber polypropylene (CFPP)/carbon nanotube (CNT)
nano-composite were performed based on addressable conducting network (ACN). To increase damage sensing
resolution of CFPP/CNT nano-composite, through-thickness electrical conductivity was improved by adjusting
press condition and spraying carbon nanotubes (CNT) between prepregs. From the results, electrical resistivity in
thickness direction was reduced to 19.44 Q'mm under 1.0 MPa and 1.0 wt% of CNT condition. Also, self-healing
efficiency was examined with respect to the temperature and time via resistive heating of CFPP/CNT nano-

composite. As a result, the optimized fabrication and self-healing condition exhibited high resolution of damage
sensing with outstanding self-healing efficiency (96.83%) under fourth cycle of repeated three-point bending

test.

1. Introduction

Carbon fiber reinforced polymer (CFRP) has received considerable
attention as an innovative material due to their high strength and
stiffness, light weight, resistance to fatigue/corrosion, and design flex-
ibility [1-5]. Thus, aircraft such as Boeing 787 (Boeing Co.) and Airbus
A350 (Airbus Co.) replaced more than 50% of the aircraft body with
composite materials [6]. Also, a wide range of applications can be
found such as aerospace, automobile, wind blade, robot, and etc.

Generally, CFRP composite is usually fabricated by stacking and
curing multiples sheets of unidirectional prepregs. It has excellent
mechanical properties in fiber direction. However, it has weak me-
chanical strength in transverse direction (matrix-rich area) that is sus-
ceptible to delamination or matrix cracking between prepregs [7,8].
Also, various severe conditions can be faced under in-service of com-
posite, such as severe weather condition, impact damage due to hail-
stone or bird strike, and lightning strikes [9,10]. Therefore, structural
health monitoring for damage detection is needed for assuring relia-
bility and safety of the structures.

Nondestructive evaluation (NDE) methods such as ultrasound in-
spection, radiography testing, thermography, and terahertz were de-
veloped to detect damage of composites [11-16]. However, these

methods require out of service for damage inspection with labor-in-
tensive characteristics. Moreover, most of damages are small and not
visually detectable due to complexity of structure [17], resulting in
fatal failure of structure due to crack propagation. Accordingly, real-
time inspection system is required to detect composite damage. How-
ever, damage detection in early stage is difficult and challenging be-
cause most of micro-damages are too small to be detected [18].
Therefore, damage detection methods based on distributed smart
sensors were actively developed to perform in-situ damage sensing with
high resolution. However, damage detection methods such as piezo-
electric sensor and optical fiber sensors embedded system had serious
drawbacks those are high fragility, high current or voltage for opera-
tion, non-negligible weight, and high cost [19,20]. Also, insert of sen-
sors in composite material can be a damage initiation area. Moreover,
high cost of these sensors make it difficult to large-area application.
Therefore, the use of nano-composite is considered as an alternative
way for damage detection of composite. Nano-composite is fiber-re-
inforced prepregs containing functional conductive nano-materials in
polymer matrix. Various nano-materials were employed, including
CNT, carbon nanofibers, graphene, and other carbon-based nanoma-
terials [21-23]. Conductive nano-materials in matrix form conductive
network in composite, enabling self-sensing ability of defects or
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Fig. 2. Prepared samples: (a) resistivity measurement sample (panel type) and (b) self-healing sample (coupon type). (c) Schematic of stacked laminates after CNT

coating process.

damages through electrical conductivity change. Among various na-
nomaterials, CNT is one of the promising material that is increasingly
adopted for the various industrial applications due to multifunctional
property. It forms electrically conductive network even at low weight
concentrations, acting as distributed sensors in composite part
[6,24,25]. Also, CNT improved fracture toughness significantly be-
tween laminates, facilitating multi-functional composite integrating
structural and sensing capabilities [26,27].

Once nano-composite is combined with addressable conducting
network (ACN) technique, it can be powerful method for damage sen-
sing of composite. This technique is based on electrical resistance
change method (ERCM), it utilizes electrically conductive network of
composite itself as sensor: structural delamination or damage can be
evaluated through resistance change by interruption of electric current
flow. More specifically, schematic illustration of ACN is in Fig. 1, it uses
multiple metallic lines on upper- and bottom-surfaces of composite.
Metallic lines of each surface are parallel, and bottom- and top-elec-
trodes are perpendicular to each other, and these lines make a grid
arrangement. From the measurement of through thickness resistance
change between top (tx)- and bottom (bx)-electrodes one by one (i.e. tI-
b1, t2-b2 ..., tx-bx) using pair of lines (tx, by), localized damage sensing
can be simply evaluated by collecting resistance change of nodal points
(x, y) [28-30]. In addition, the use of thermoplastic matrix has ad-
vantage of self-healing capability through resistive heating by sup-
plying electrical current using same conducting lines. Therefore, the use
of carbon fiber polypropylene (CFPP) composite is a good example that
matrix healing reaction can be generated by melting polypropylene
(PP) material through electrical heating [31-34]. This method has
outstanding merits, including in-situ detection, no structural degrada-
tion of mechanical property, and enabling damage detection with
minimization of time and cost without structural modification of
composite. However, simultaneous study of damage sensing and
healing behavior using CFPP composite via ACN was not deeply studied
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yet.

In this work, damage monitoring and self-healing of CFPP/CNT
nano-composite was investigated based on ACN. To increase damage
sensing ability of composite, fabrication condition was changed such as
adjusting press condition and spraying carbon nanotube (CNT) between
prepregs. Self-healing test of CFPP/CNT nano-composite was conducted
with various resistive heating conditions (i.e. healing temperature and
time) to increase healing efficiency of CFPP/CNT nano-composite.
Based on upper results, damage sensing resolution and self-healing ef-
ficiency were evaluated.

2. Experimental
2.1. Fabrication procedure of CFPP/CNT nano-composite

The composite specimens were manufactured using unidirectional
CFPP prepregs (Lotte chemical) with 0.15 mm thickness by hand lay-up.
Detailed specimen geometry is shown in Fig. 2(a) and (b), two different
kinds of specimens were used in this work: [0]gr (total 8 sheets of
prepregs) for electrical conductivity measurement in thickness direction
(Fig. 2(a), panel type specimen) and [05/90s]s (total 20 sheets of pre-
pregs) for self-healing via resistive heating (Fig. 2(b), coupon type
specimen). Cu-tape was additionally attached on the surface of the
specimens for conducting line or pad. Then, the stacked CFPP prepregs
were placed and heated to 220 °C for 10 min using hot press machine
(Ocean science, Korea). Heated and pressed laminates were cooled at
1°C/min. In order to increase electrical conductivity in thickness di-
rection, press condition was changed from 0.1 to 1.5 MPa. Also, CNT
(CM-280, Hanwha Chemical) was spread between CFPP prepregs to
further improve the through-thickness electrical conductivity. Before
spreading of CNT between prepregs, it was separately acid treated
under 1 mol/L of H,SO4/HNO3 (v/v:3/1) for the good dispersion in
solvent [35-38]. Then, acid treated CNT was added to ethanol and
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dispersed using an ultra-sonicator (SD-200H, MUJIGAE) for 1h. Dis-
persed solution was coated between prepregs using spraying equipment
to enhance electrical conductivity of CFPP/CNT nano-composite
(Fig. 2(c)).

2.2. Measurement of electrical conductivity in thickness direction

To measure the electrical conductivity in thickness direction, fab-
ricated CFPP composite [0]gr was cut with 1 cm X 1cm size using
waterjet cutting machine (Fig. 2(a)). Two-probe method was used to
measure the through thickness resistance using multimeter (2015 THD,
Keithley). Meanwhile, contact resistance was measured and removed
from the resistance measurements between two electrodes on the same
surface with several distances and its intercept by linear approximation.
Hence, the measured resistance in thickness direction by two-probe
method was converted to the through-thickness resistivity (o,) by fol-
lowing relation [39]:

_RrA
Pe= m

where o, R, A, and ¢ are through-thickness resistivity, measured re-
sistance, area of composite (1 cm X 1 cm), and thickness of composite,
respectively. o, was evaluated with respect to various composite fabri-
cation conditions as mentioned above (i.e. press condition and wt% of
CNT between prepregs).

2.3. Self-healing test via resistive heating

Self-healing test was performed via resistive heating of CFPP/CNT
nano-composite. Fig. 3(a) shows the schematic of experimental setup
for resistive heating equipment. Each conducting line was connected to
the power supply (TDP-2005B, TOYOTECH) by electrical wires. In
order to minimize contact resistance between electrical wire and con-
ducting line, Ag paste was used to each contact points. Then, polyimide

i}
i

Fig. 3. (a) Experiment setup for self-healing test, (b) Optical image of three-
point bending test and (c) photograph of specimen.

Composites Science and Technology 167 (2018) 62-70

300 T T T T
~_ mm Resistivity L5
-\._ Thickness
fg u ] F1.2
g 200+ Disturbed ;
fibers o
F09 2
s
S g
= 06 2
£ 1004 B ”§
.4
% -
~ 0.3
04 ~0.0
Not pressed 0.1 0.5 1.0 1.5

Press condition (MPa)

Fig. 4. Resistivity measurement result and thickness of sample with respect to
press condition. Inset Fig. shows disturbed carbon fibers under 1.5 MPa con-
dition.

100 . . . . . . T

80 -

60

40

20

Resistivity (Ohm-mm)

0.0 0.5 1.0 1.5
Content of CNT (wt%)

Fig. 5. Resistivity measurement result with respect to wt% of CNT.

(PI) tape was attached to the top- and bottom-of the specimen to pre-
vent oxidation of Cu tape.

Using the above equipment, resistive heating test was conducted.
Temperature of CFPP/CNT nano-composite was measured about cur-
rent input from 1.0 to 1.4 A. After then, self-healing efficiency of CFPP/
CNT nano-composite was assessed by repeated three-point bending test
data those were performed using universal testing machine (RB 301,
UNITECH-M, R&B) (Fig. 3(b)). Samples were tested at a crosshead
speed of 1 mm/min to generate a sufficient time interval between in-
dividual failures. Tested specimens were self-healed via resistive
heating with respect to temperature and time. This process was re-
peated in three times, and self-healing efficiency of CFPP/CNT nano-
composite was calculated based on maximum load from three-point
bending test data.

2.4. Characterization

Microscopic morphology with respect to the amount of CNT be-
tween prepregs was observed using scanning electron microscopy
(SEM, S4800, Hitachi). Damaged and self-healed CFPP/CNT nano-
composite was also investigated using cross-sectional SEM. Differential
scanning calorimetric (DSC, SDT Q600/DSC Q20, PERKIN ELMER)
analysis was conducted to analyze melting temperature of PP. Sample
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Fig. 6. Cross-sectional morphology of sample: (a) non-CNT case and (b) 1.0 wt% of CNT added case, and (c) agglomeration of CNTs in 1.5 wt% of CNT added case.

Fig. 7. Resistive heating test result: (a) 1.0, (b) 1.1, (c) 1.2, (d) 1.3, and (e) 1.4 A of current input. (f) Delamination of Cu electrode after 1.4 A (212 °C) of current

input.
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Fig. 8. DSC analysis result of CFPP prepreg.
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was placed in a nitrogen atmosphere, the temperature range was from
room temperature to 200 °C with 10°C/min increase rate. Thermal
conductivity in thickness direction of CFPP/CNT nano-composite was
measured using a laser flash apparatus (N, gas condition, LFA 457,
NETZCH) in room temperature.
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3. Results and discussion

Firstly, fabrication condition of CFPP composite was varied to im-
prove electrical conductivity in thickness direction. Fig. 4 shows the
electrical conductivity in thickness direction with respect to pressing
condition under fabrication of composite. The resistivity immediately
after hand lay-up process (before fabrication of composite) was infinite,
which is because carbon fibers in prepregs were not physically contact
each other before the composite fabrication process. Low pressure
0.1 MPa case had high resistivity in thickness direction (220.11 'mm).
It is because of presence of voids or disconnection between prepregs
due to low pressure during manufacturing process. This can be con-
firmed by the result of the thickness in Fig. 4. Thickness of sample in the
case of low pressure (0.1 MPa), was higher than other cases. It means
that the prepregs were not sufficiently consolidated due to the low
pressure, resulting in high resistivity in thickness direction. On the
contrary, the electrical conductivity was improved as the pressure was
increased. Especially, 1.0 and 1.5MPa pressure cases had relatively
high electrical conductivity, 79.17 and 64.45 Q-mm, respectively. Also,
the thickness was reduced from 1.47 mm (0.1 MPa case) to 1.19 mm
(1.5MPa case) by enough to sufficient pressure [28]. Therefore, elec-
trical conductivity in thickness direction was greatly improved with a
slight decrease of thickness. However, in the case of 1.5 MPa pressure,
carbon fibers were disturbed on account of high pressure (see inset Fig.
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Fig. 9. Repeated three-point bending test results: (a) unhealed case, (b) 1.3 A (181 °C) heated case. All the specimens fabricated with 1.0 MPa pressing with 1.0 wt%
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in Fig. 4). Therefore, 1.0 MPa press condition was chosen as the opti-
mized press condition. This result can be confirmed by several reported
works, several works suggested 1 MPa pressing pressure for the fabri-
cation of PP-based composite (glass fiber/PP composite) [40,41], which
is same pressure with our work. As a result, it was determined that
1 MPa pressure is needed to sufficiently impregnate the prepregs for the
fabrication PP-based composite fabricated by pressing method.

To further increase the electrical conductivity in thickness direction,
CNT was additionally spread between prepregs. Fig. 5 shows the elec-
trical resistivity in thickness direction as a function of CNT amount.
Notable change of electrical conductivity was observed about with in-
creasing amount of CNT, it was greatly improved from 79.17 Qmm
(0 wt% case) to 19.44 Qmm (1.5 wt% case). It is due to the addition of
conductive path between carbon fibers by dispersing CNT between
prepregs [42]. From SEM images in Fig. 6, CFPP composite 0.0 wt% of
CNT (Fig. 6(a)) showed only PP matrix. On the contrary, 1.0 wt% CNT
added cases (Fig. 6(b)) showed the well dispersed CNT in the matrix,
thereby improving the electrical conductivity. However, when a large
amount of CNT was added such as 1.5 wt% case, resistance was not
uniform throughout specimen due to the formation of CNT agglom-
eration that is because of large amount of it (see agglomeration in
Fig. 6(c)). Therefore, 1.5wt% case showed a high standard deviation
value in (see Fig. 5). Thus, 1.0 wt% of CNT case was considered to be
the most suitable weight fraction.

(b)

Fig. 10. Cross-sectional SEM images: (a) initial, (b) damaged, and (b) self-healed sample.
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Prior to the self-healing process, resistive heating test was per-
formed. Saturation temperature of specimen was examined with respect
to the current input. All the specimens were fabricated using the opti-
mized fabrication condition (1.0 MPa pressing with 1.0 wt% CNT).
Results are shown in Fig. 7; the saturated temperatures of 1.0, 1.1, 1.2,
1.3, and 1.4 A of current were 100, 134, 160, 181, and 212 °C, re-
spectively. The saturation temperature of specimen was proportional to
the current. This phenomenon is joule heating, where the heat was
generated in electrical conductor such as carbon fiber and CNT because
of losing its electrical energy by vibration of lattice [43]. From DSC data
in Fig. 8, it was revealed that the melting point of PP matrix is around
163°C. Thus, over 163°C heating is required for matrix healing.
However, in the 1.4 A current case (212 °C), smoke was generated from
PP due to high temperature, resulting in delamination of Cu tape after
heating (see delamination in Fig. 7(f)). Therefore, 1.3 A current
(181 °C) heating condition was chosen for the healing of CFPP/CNT
nano-composite.

Based on resistive heating data, self-healing test was performed. In
this case, matrix healing time was fixed as 30 min. Also, these data were
compared with no healing case. The self-healing efficiency was calcu-
lated based on the maximum load measured by three-point bending test
data. Unhealed case showed low maximum load after fourth bending,
only 27.53% (Fig. 9(a)). Meanwhile, 1.3 A (181 °C) heating case had
relatively high self-healing efficiency (96.83%) (Fig. 9(b)), damaged
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Fig. 11. Repeated three-point bending test results: (a) 10 min healing, (b)
30 min healing, and (c) 50 min healing (1.4 A, 181 °C). All the specimens fab-
ricated with 1.0 MPa pressing with 1.0 wt% of CNT.
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matrix was melt and healed under resistive heating process; delami-
nation in composite was completely eliminated. It can be seen in cross-
sectional SEM images in Fig. 10. Initial state of sample showed well-
consolidated prepregs each other (Fig. 10(a)). After bending process,
there was generation of crack that is inclined at 45° (Fig. 10(b)).
Fig. 10(c) shows the high resolution image and schematic of damaged
sample, generated crack is combination of delamination between pre-
pregs and in-plane matrix fracture between carbon fibers. Since all the
crack is matrix cracking, it can be completely healed through resistive
heating process. Therefore, it can be clearly seen that all of the matrix
crack was disappeared after the self-healing process as shown healed
morphology in Fig. 10(c).

Also, self-healing test was performed as a function of healing time
(Fig. 11). The short-healing time case (10 min healing) showed low
healing efficiency, it showed only 37.12% after fourth bending test
(Fig. 11(a)). From the result, it was found that 10 min healing is too
short time for enough healing of damaged matrix. In other words, self-
healing of damaged matrix from three-point bending test need a certain
amount of time for elimination of matrix crack. Therefore, longer
healing time was adopted for matrix healing. In the case of 50 min
healing, it showed similar healing efficiency after fourth bending,
which had similar with 30 min healing case (97.11%) (Fig. 11(c)). As a
result, 181 °C temperature and 30 min healing condition was the best
condition for matrix healing of CFPP/CNT nano-composite.

Based on the above results, damage sensing resolution and self-
healing efficiency tests according to the composite manufacturing
condition was performed. Two different coupon type specimens were
used (Fig. 2(b)): 1.0 MPa press condition 0.0 wt% of CNT and 1.0 MPa
press condition with 1.0 wt% of CNT. For the definition of damage
sensing resolution, resistance change rate was defined as follows:

_ R - R
=

AR
(2)
where 4R, R;, and Ry are resistance change rate, initial resistance (be-
fore bending test), and measured resistance after three-point bending
test (or after healing process), respectively. Fig. 12(a) shows the
through-thickness resistance change rate during repeated bending in-
duced damaging and self-healing process. All the AR values in thickness
direction was performed at stress-free state (load = 0) after loading
process. 1.0 MPa press condition 0.0 wt% of CNT case showed relatively
low resistance change rate after damaging due to the high electrical
resistivity in thickness direction, which means low resolution of da-
mage detection. The resistance change rate was about 3.7%. On the
contrary, 1.0 MPa press condition with 1.0 wt% of CNT case showed
high degree of resistance change rate after damaging of composite,
which is 4.9 times high than that of 0.0 wt% of CNT case (18.1%). From
the results, it was confirmed that the damage sensing resolution is
highly influenced by electrical conductivity in thickness direction [23].
These damaged specimens were self-healed via optimized resistive
heating condition as found above (181°C, 30 min). After healing,
through-thickness resistance was measured again. In the graph, cycle
number 0 means initial state, and odd and even numbers are after da-
maging and healing process, respectively (see horizontal axis in
Fig. 12(a)). In the case of 1.0 wt% of CNT, it was confirmed that the rate
of change of resistance after healing returned to almost zero, which
indicates that the damaged matrix was completely healed. Meanwhile,
in the case of 0.0 wt% of CNT, there was some residual resistance after
the healing process because it was not fully healed. After then, under
the repetitive damaging and healing process, 1.0 wt% of CNT case
showed that the rate of resistance change was similar at each time of
damaging, and resistance change rate was slightly increased but almost
zero after healing process. Also, it showed high degree of healing effi-
ciency after fourth bending, 96.83% (see Fig. 12(c)). Therefore, 1.0 wt
% of CNT had stable and high resolution of damage sensing (Fig. 12(a))
as well as high healing efficiency (Fig. 12(c)). On the other hand, in the
case of 0.0wt% of CNT, the resistance change after damaging was
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Fig. 12. (a) Through-thickness resistance change rate under the repeated damaging and self-healing process. Self-healing test result: (b) without CNT and (c) 1 wt%
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Fig. 13. Thermal conductivity measurement result with respect to wt% of CNT.

L5

relatively low, about 4%. Furthermore, residual resistance after healing
process was increased as the cycle number was increased, which is
because incomplete matrix healing. Fig. 12(b) shows a consistent result
that 0.0 wt% of CNT case had slightly low healing efficiency (94.42%)
after fourth bending of three-point bending test. These results can be
analyzed from the thermal conductivity measurement results. As shown
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in Fig. 13, overall thermal conductivity in thickness direction was im-
proved with increasing wt % of CNT. Spreading CNT between prepregs
not only enhance thermal conductivity at inter-ply area, but also im-
proved overall thermal conductivity of composite. Hence, matrix cracks
were efficiently healed about CNT added case by spreading heat more
evenly.

From above results, it can be explained as Fig. 14; CNT in CFPP/
CNT nano-composite not only acts as electrical conductor between
carbon fibers, but also spreads the heat more evenly during the healing
process, resulting in high healing efficiency. Therefore, damage sensing
resolution and matrix healing efficiency was greatly improved.

4. Conclusion

This work demonstrates the damage mapping and self-healing of
CFPP/CNT nano-composite based on ACN. To improve electrical con-
ductivity in thickness direction, pressing condition was adjusted and
CNT was spread between prepregs. From the optimized press condition,
prepregs were fully impregnated with sufficient pressure. Also, CNT
acts as electrical conductors between carbon fibers, resulting in increase
of electrical conductivity (19.44 Qmm). Self-healing test was con-
ducted via resistive heating, healing condition was varied by control-
ling temperature and time. From the results, 1.3 A (181 °C) with 30 min
healing showed high self-healing efficiency 96.83% after fourth three-
point bending test. Former technique was applied to the coupon type
CFPP/CNT nano-composite specimen, which successfully exhibited
high resolution of damage sensing resolution (18.1% resistance change
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Fig. 14. A schematic illustration of mechanisms for improving damage resolution and self-healing efficiency of CNT in CF/PP composite.

rate after 0.5 mm bending) with outstanding healing efficiency (96.83%
after fourth bending).
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