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Electrother mal responsive self-healing for carbon fiber/epoxy
inter phase based on Diels-Alder adducts
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A more facile and more efficient self-healing strategy for fiber/epoxy (CF/EP) interphase was
established based on electrotherma effect of CF driving the reversible transformation of
covaent bonds. Diel-Alder (DA) cycloaddition adduct was introduced into the CF/EP
interphase region to endow the interphase with thermoreversible covalent bonds. Based on the
relationship between interphase temperature and electric current applied to carbon fiber, the
interphase temperature was 66~72 ‘C and 120~130 ‘C when 3 mA and 5 mA was applied
to carbon fiber composites, respectively. Therefore, 3 mA and 5 mA selected as the repairing
electric current, and the treatment time was respectively 2 h. At 5 mA, the r-DA reaction
occurred with the DA adducts broken up into furan groups and maleimide groups under the
electrothermal effect of CFs. After the electric current decreased to 3 mA, the reversible
covalent DA cycloaddition adducts could reform through the reaction between furan and
maleimide groups under the electro thermal effect of CFs, which meant that the interphase
was repaired. The optimized efficiency of the first and second healing was about 71.7 % and
41.1 %, respectively.



Electrother mally responsive self-healing for carbon fiber/epoxy

inter phase based on Diels-Alder adducts

Chongchong Yang, Dandan Zhu, Chengyuan Sun, Buynem,Cringhao Li, Indra Neel Pulidindi, Zhen
Zheng, Xinling Wang*
School of Chemistry and Chemical Engineering, FesgatScience Center for Transformative Molecules,
State Key Laboratory of Metal Matrix CompositesaBghai Jiao Tong University, Shanghai 200240, Chi-
na

Abstract

A more facile and more efficient self-healing stgt for carbon fiber/thermoset resin
interphase was established based on electrotheffieat of carbon fiber (CF) driving the re-
versible transformation of covalent bonds. Dielst&l cycloaddition adduct was introduced
into the CF/epoxy (EP) interphase region to endwosvihterphase with thermoreversible co-
valent bonds through the oxidative co-polymerizatamd chemical surface grafting, which
was nondestructive but more efficient. The modiftadoon fiber was characterized via SEM,
AFM, XPS and TGA. The CF/EP interphase temperatarge in CF reinforced polymer
composites (CFRPs) was adjusted through controthegelectric current applied to CFs ac-
cording to the thermo-sensitivity of CF. The effetelectrothermal effect on the matrix resin
around CFs was measured by micro-FTIR. The intaifgbear strength (IFSS) measurement
verified that the electrothermal effect promotece theversible transformation of the
Diels-Alder cycloaddition adducts connecting thedified CFs with matrix resin, resulting in
the self-healing behavior of the damaged interph@bes self-healing strategy not only can
improve the interfacial adhesion of CFRPs withoamdges to the CF surface caused by the
traditional oxidation modification methods, butatsan reduce the possible heating aging and
deformation of composites caused by convectiventherepairing methods. This strategy is a
more efficient process.

Keywords. A. carbon fiber; A. CFRPs; A. Diels-Alder addul; electrothermal effect; B.

interphase self-healing



1. Introduction

In the past half century, the application of carbirer reinforced polymers (CFRPs) has
achieved a dramatic increase in many fields, sscaeaospace quality components, automo-
tive frames, marine parts, war industry, constarcindustry, and so on. However, while the
CFRPs are rapidly supplanting other types of malersome special failure behaviors arise,
for instance, delamination, debonding between fdoeat matrix, fiber pull-out, interlaminar
matrix cracking, hindering the application of CFRdteatly[1-3]. As usual, most of these
failures originate from micro-cracks born in integse region of CFRPs. The micro-cracks,
which are almost impossible to detect, grow deep#rin polymeric materials, eventually
resulting in unexpected performance reduction, sashmechanical degradation, electrical
failure etc.[4, 5]. For a two component composite CF/matrix interphase plays a signifi-
cant role in the integral properties of compositaterials[6-9]. In order to fully realize the
potential of CFRPs and guarantee the service sgctechnologies to prevent micro-cracks
generation and propagation in the interphase relggme to be developed, which has become
a main subject in the field of CFRPs.

Inspired by self-healing capability of natural drees, a range of approaches to endow-
ing fiber reinforced composites with self-healirglidy have been developed, including cap-
sule-based[10-15], microvascular-based[16-19] diohofibers-based[20] delivery of healing
agents, and thermally induced intrinsic healing]- Amanda R. J. prepared an autonomous
recovery CF/epoxy interphases with a maximum hgadificiency of 91% through grafting
micro-capsules containing reactive epoxy (EP) ahgl @henyl acetate (EPA)[24]. Kumar C.
N inserted macro-vascular tubes containing diffefealing agents into composites through
VARTM processing, and found that the compositesgisinyl ester (VE) and hybrid resin
(HR) as healing agents presented high healingiefity and mechanical properties[25].
However, despite of providing extra benefit of de¢hling, the approaches based on enclosed
healing agents presents some disadvantages[26-@8gxample, the incorporation of micro-
capsules or microvascular network compromises thestaral integrity of composites, re-

sulting in decrease of mechanical properties, &edniicrochannels within the composites



may act as initial sites of damage after healingnégybeing released. Zhen Hu introduced
photothermal conversion nanoparticles into CFs asarf to construct light-triggered
self-healable interface based on photo-thermattiifieadvanced composites[29, 30].

The thermoreversible characteristic of Diels-Aldends provides new opportunities for
development of self-healing polymer and composigeterson incorporated Diels-Alder ad-
ducts into the glass fiber/ epoxy interphase regocreate a remendable fiber-network inter-
face[21]. Inspired by previous work, W. Zhang pregathermally responsive self-healing
interphase containing Diels-Alder adducts throughlemmide-functionalized carbon fiber
surface and furan-functionalized matrix resin[31].

As a resistive element, the conducting carbon fitger provide heating in composites
while the matrix resin acts as an insulator, whighapplicable in the function design of
CFRPs. E. Sancaktar et al. applied resistive ételsrating via carbon fibers to tailor the in-
terphase between carbon fiber/polymer, and fouat ttie improvements obtained using re-
sistive electric heating via carbon fibers was Emio those obtained by convective thermal
postcure of the whole specimen[32]. This resulvpdbthe possibility of application of resis-
tive electric heating via carbon fibers in interplaself-healing. Nathan Kwok introduced
firstly electric resistive heating via carbon fiberetwork to repair composites[33]. Thereafter,
the real healing of CFRPs via electric resistiveating method was demonstrated by
Park[34-36].

However, most of studies on the application of tetdhermal effect in self-healing
composites focus on the healing of matrix resitherinterphase micro-cracks between car-
bon fiber and thermoplastic polymer. The applicatdd electrothermal effect in repairing the
fiber/thermoset resin interphase is still rarelgpaged, which is a tougher challenge. In this
work, a novel electrothermally responsive self-mepktrategy of CF/thermoset resin inter-
phase was proposed. The reversible Diels-Alderoagidition adducts were introduced into
the interphase region to endow the interphase megith thermoreversible covalent bonds.
The thermo-sensitivity of CF and the relationshgween resistance and electric current ap-

plied to CF was investigated, based on which therpmase temperature range was calculated.



The results showed that the interphase temperatoudd be adjusted from 66~130

through controlling the electric current applied@és in range of 3 mA ~ 5 mA. Hereby, 3
mA and 5 mA were selected as the repairing electricents. The effect of electrothermal ef-
fect of CF on the interphase chemical component glasacterized through micro-FTIR
spectra. The IFSS measurement was conducted, mamdirthe electrothermally responsive
interphase self-healing ability with first and sedohealing efficiency up to 71.7 % and
41.1 %, respectively. The interphase self-healirghod proposed in this work was proved to

be efficient.

2. Experiment
2.1 Raw materials

Polyacrylonitrile-based carbon fibers T700SC-24Kiese purchased from Toray Ltd.
were used as reinforcing fibers, and epoxy-amirstesy provided by Shanghai Huayi resins
Co., Ltd was used as the matrix resin. Dopamine)(Bydrochloride was purchased from
Sigma Aldrich. Hydroxylmethyl aminomethane (Tris),6-bis(maleimide)butane (BMB),
branched polyethyleneimine (PEI) with,& 600, N, N-Dimethylformamide (DMF) and ace-
tonitrile was provided by Aladdin. 2-furanmethanami(FA, purity 99%) and triethylamine
(purity 99%) was purchased from Adamas. 2-furarmaybchloride was provided by Alfa.
Acetone was purchased from Sinpharm Chemical Reéa@en Ltd. Silver paint was pur-
chased from Shenzhen Sinwe New Material Co., lrid,the curing process is at 60 for 1

h. All the chemical agents were used as received.
2.2 Surface modification

The graphitic structure of T700 series surfaceeis/ynert with no functional groups on
surfaces available for direct chemical grafting[38]. Thus, the surface treatment based on
bio-inspired polyethyleneimine/polydopamine (PEIADybrid layer method was conducted.
The PEI/PDA co-deposition method not only could @mdhe CF surface with rich active
groups, such as amine, secondary amine and hydgoaybs, but also could avoid the dam-

age to CF surface caused by traditional oxidatieatinent, such as nitric acid oxidation, sul-



furic acid oxidation, ozone oxidation method, &€6:A44]. CFs were firstly extracted by
Soxhlet with acetone at 8@ for 24 h to remove the sizing agent and pollutamshe sur-
face, followed by being dried in a dry oven at &0 for 24 h. 1 M HCI was added to the
aqueous solution containing 10 mM of Tris to adjhst pH value to 8.5. Then, PEI and DA
were added to the buffer solution with a ratio ahg: 2 mg: 1000 mL. The desized CFs were
immersed into the PEI/DA solution for 24 h at rotemperature. After being flushed with
water, the PDA/PEI modified CFs were dried at 80 for 24 h. The modified CFs were de-
noted as NECF. Fig. 1 illustrated the detailed process ofae modification and function-
alization for CFs.

After amine functionalization, furan groups, reguirfor the further Diels-Alder reaction
with maleimide groups, were grafted onto NEF via reaction with 2-furancarbonyl chloride
at room temperature for 6 h with triethylamine bsabent protons and drops of DMF as cat-
alyst. The furan grafted CF was denoted as FuranF@én the dried Furan-CF was put into
excess acetonitrile solution of BMB and reacte@@tC for 6 h to obtain maleimide grafted
CFs (denoted as BMB-CF), as shown in Fig. 1. Theainbd BMB-CF was rinsed in excess

acetonitrile to remove the unreacted BMB and dae@0 ‘C overnight.
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Figure 1. The surface modification and functionalizatiorGi¥s.
2.3 Preparation of specimens

To investigate the interfacial properties betwedn ahd matrix resin, a micro-droplet
method was conducted. In the preparation processiai-droplet specimens, the ends of
CF-monofilament were stuck on a specimen holdehdnt-resisting tape. After epoxy resin
were mixed with FA in weight ratio of 94:6, 87:18):20 respectively, the mixture was depos-
ited using a needle tip to process micro-droplétmiature on CF-monofilament, as shown in
Fig. S1. Then, the mixture droplets were cured adieviing three-step thermal treatment:
120 °C for 2 h, 150°C for 2 h and 180°C for 3 h. After curing process, the temperature
was decreased to 6@ slowly and kept at 60C for 2 h to allow the reformation of
Diels-Alder adducts that separated at high tempegaf he interfacial reaction and interfacial

structure scheme were shown in Fig. S2. As refexetite micro-droplet specimens of un-



modified Pristine-CF/epoxy composites were als@aired.

Fig. S3 presented the CF-monofilament/epoxy con@agecimen (Fig. S3a) and the
specimen mold (Fig. S3b). In the preparation of fidrofilament/epoxy composites, two
copper plated electrodes were embedded into the ehdhe cavity, then the ends of a
CF-monofilament crossing through the grooves attit of the mold were stuck on the mold
with heat-resisting tape. The monofilament showddstretched axially by a 0.5 g weight be-
fore sticking in order that the monofilaments hashene initial stress. The carbon fibers were
stuck on the copper plated electrodes with a sipa@nt to avoid large contact resistance. The
mixture of epoxy components was slowly casted theomold, and then was cured at
for 1 h, 120°C for 2 h, 150°C for 2 h and 180C for 3 h.

The CF-monofilament specimen shown in Fig. S4 wapared by sticking the two ends
of a CF-monofilament on a glass sheet. Firstly, topper plated electrodes were stuck on a
glass sheet. Then, the two ends of a CF-monofilasteziched axially by a 0.5 g weight were
stuck on the copper plated electrodes with a sipant. The copper plated electrodes and
silver paint can avoid large contact resistancelaat, the CF-monofilament was placed at
60 'C for1h.

After being applied different electric current the specimens were cut perpendicularly
to the carbon fiber axis into several rectangupscgmens with a cross section of 3 mm x 2
mm, as shown by the wire-frame in Fig. S3a. Théaregular specimens were cut parallel to
carbon fiber axis to expose a cross section, aisdoiberation should make sure the carbon
fiber would not be cut off. Then, the exposed cresstion was mechanically grinded and
polished parallel to the fiber axis on a polismading machine (EM TXP, Leica). Polishing
steps started with 800 grit grinding papers, fokovby 2000, 5000 grit grinding papers, and

then 0.25um alumina particles, until the surface of carbdefiwvas exposed.
2.4 Characterization
2.4.1Characterization of carbon fibers

The surface topography of CFs was investigatedchygiring electron microscope (SEM,

Nova NanoSEM 450, FEI, USA) and atom force micrpgecAFM, Dimension Icon & Fast



Scan Bio, Bruker, Germany). SEM was conducted la¥.5The surface of carbon fibers was
sputter-coated with gold (Q150TS, Quorum, UK) befabservation. The probes used in
AFM were silicon probes (AC240TS, Olympus, Japaitih wesonant frequency about 70 kHz
and spring constant of around 3 N/m. The scan ramge2um. Content of modifiers on sur-
face of Pristine-CF and BMB-CF was assessed thrabgimogravimetric analysis (TGA,
Discovery TGAS50, TA, USA) in the range of 40-600 at heating rate of 10C/min in a
nitrogen atmosphere. The surface chemical elemsrdsfunctional groups on carbon fiber
surface were characterized thorough X-ray phottrelecspectroscopy (XPS, AXIS UI-
traDLD, Kratos, Japan) with pass energy of 160 a®f 40 eV for survey scans and narrow

scans. The XPS was energy referenced to the Cksap284.6 eV.
2.4.2Resistance

The resistance of specimens at different electricents was measured through a Preci-
sion Source (Keysight, B2901A). The electric cutseapplied to specimens were 0~9 mA.
The resistance at different temperature was medgtreugh electro chemical workstation
(CHI 660E). Before measurement, the specimens tweaged for 5-10 min in an oven to en-
sure the temperature of carbon fibers embeddedain>aresin was same as the environment

temperature (i.e., the setting temperature). Thpézature range was from 20 to 180 C.
2.4.3Micro-FTIR spectra

Micro-FTIR spectra of the resin at different distarfrom carbon fibers were collected
through Microscopes Fourier transform infrared NROMX, Thermo Fisher). The scanning
range was 4000-500 ¢and the spot of laser beams wasuh® x 50 um. The light spot
shifted perpendicularly to carbon fiber axis froarlmon fibers to resin with the step size of 10
um (as shown in Fig. 2). Then, the micro-FTIR spedf resin at different distance from
carbon fibers were recorded. The scanned zones degreted as Zone 1~ Zone 10, respec-

tively.



Scanning Zone
Carbon Fiber

Matrix Resin
ShiftingPirect

of Light Spot
/

Figure 2. Schematic of micro-FTIR measurement.

2.4.4Interfacial shear strength

Interfacial shear strength between CFs and masinrwas characterized via mi-
cro-droplet method using an interfacial evaluatiequipment (Beijing Future Material
Sci-tech Co., Ltd, China). The displacement rate @@ mm/min. The distance between two

razor blades was 1&m. IFSS was calculated as the following equation:

IFSS = e Equation (1)

WherePy, is the peak applied forcd;is the fiber diametet;is the fiber length embedded

in the matrix resin. At least 20 valid data wer#demied and averaged for each specimen.
2.4.5Self-healing property

IFSS-displacement curves were important evidence et@luate the interfacial
self-healing properties of CF/EP composite microptiets. The micro-droplet method was
conducted through pulling micro-droplets from carlddoer surface. After a full interfacial
debonding, the debonded micro-droplet specimens Weaded with 5 mA electric current for
2 h by a Precision Source (Keysight, B2901A) s¢ tihe retro-Diels-Alder reaction occurred.
The electric current was decreased and kept at 3am2 h to conduct Diels-Alder reaction
between furan and maleimide groups to reform neelsPAlder adducts, which meant the
completion of first self-healing treatment. Aftdrat, the second micro-droplet method was
conducted to evaluate the IFSS-displacement cuiv@s.test also meant the completion of
the second full interfacial debonding. Till theheftfirst healing-debonding cycle finished, and
after that the second healing-debonding cycleesfadAt least 20 valid data were collected and
averaged for each specimen.

The interfacial healing efficiency (f) was calc@dtas the following equation:



fo= Ly /Ly (51,2,3,400) oo (2)

Where ly; was the maximum IFSS of healed specimens in eaalnly-debonding cycle;

Lo was the maximum IFSS of initial specimens.

3. Results and discussions
3.1 Characterization of surface-modified carbon fiber
3.1.1Surface topography

SEM and AFM were used to monitor the surface togpkgy evolution of carbon fibers
during the modification process. The SEM and AFlgoigraphies were respectively shown in
Fig. 3 and Fig. 4. The surface of Pristine-CF wgucally smooth and neat. After immersion
in fresh DA/PEI solution, the surface of resultBA-PEI-CF was uniformly covered with a
rough thin layer, which was considered as the PEAGd-deposition coating. The layer of
PDA/PEI could provide more reactive sites for sgjosmt grafting reaction. After grafting
reaction with 2-furancarbonyl chloride and subsequMVIB, the thin coating layer became
impact and thicker, as shown in Fig. 3c. The AFdagraphies indicated the BMB-CFs had
rougher surface than Pristine-CFs and PDA-PEI-TRs.improvement of surface roughness
would result in bigger surface area and more irdenechanical interlocking effect between

the fibers and matrix, which was expected to imprthe interphase adhesion.
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Figure 3. SEM topography of different carbon fibers. a: tiis-CF; b: PDA-PEI-CF; c: BMB-CF.
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Figure 4. AFM topography of different carbon fibers. al, Restine-CF; b1, b2: PDA-PEI-CF; c1, c2:
BMB-CF.

3.1.2Content of surface modifiers

The thermogravimetric analysis (TGA) was used tal#ate the content of the surface
modifiers that grafted onto CF surface. The TGAvesrof Pristine-CF and BMB-CF were
shown in Fig. 5. Pristine-CFs showed 0.96 % welghs, which could be ascribed to the
thermal decomposition of the sizing agent on théase of Pristine-CFs. The weight loss of
the BMB-CF was about 2.5 %, which could be ascriteethe thermal decomposition of the
modifier on the surface of BMB-CFs. Therefore, @A curves suggested the presence of

modifiers on BMB-CFs surface.
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Figure5. TGA curves of Pristine-CF and BMB-CF.

3.1.3Modified carbon fiber surface chemical component

XPS was a highly sensitive analysis instrumentctfeemical elements. In this work, to
confirm the successful grafting of modifiers onlaar fiber surface, XPS was performed to
detect the chemical component and chemical enviemrmon BMB-CF surface. The XPS
survey spectrum was shown in Fig. 6a. The peak:dr@84.8 eV, 400.5 eV and 532.8 eV in
the wide-scan XPS spectrum of BMB-CFs could bebaited to C1s, N1s and O1s, respec-
tively, suggesting that the main elements wereararbxygen and a small amount of nitrogen.
The content of C, O, N was about 74.3 %, 18.8% @&8d%, respectively. To obtain more
component information of the modified carbon fihele narrow-scan spectrum of Ols was
fitted into C=0 (531.1-531.9 eV), C-OH (532.3-532)8), C-O-C (533.2-533.7 eV) based on
the chemical environment of oxygen through peakodegclute method using a Gaussian
multipeak fit, as shown in Fig. 6b. The percenCsfO, C-OH, C-O-C was 11.3 %, 58.4 %,

30.3 %, respectively.
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Figure 6. XPS survey spectrum of BMB-CFs and curve fitting®1s peak.

3.2 Electrothermally responsive inter phase

It was hard to immediately measure the interphasgpérature due to the micro-scale
interphase region with the thickness of tens tessvhundred nanometers[45-47]. Thus, this
work used a theoretical derivation method, whicls Wwased on the corresponding relation-
ship between the temperature and the electric wuatean identical resistance value.

The resistance per unit length (denoted as RRimm) of CF-monofilaments and
CF-monofilament/epoxy composites at different terapge was shown in Fig. 7a. The re-
sistance of both CF-monofilaments and CF-monofilatle@oxy composites decreased as the
temperature increased, presenting significant megaemperature coefficient (NTC). Simi-
larly, as the electric current increased, the taste also decreased, as shown in Fig. 7b.
Carbon fiber T700 had a negative thermal expansiedfficient (CTE, about -0.38 x £0°C).
Namely, the carbon fiber showed axial shrinkage wheated. According to the equation
R=pxL/S, the axial shrinkage of the CF-monofilamenised by the increasing temperature
resulted in the reduction of resistance (R) of The CTE of the matrix resin was about
(50~70) x 10 /°C, which meant the matrix resin showed volume exipanshen heated. For
the CF-monofilament/EP composites, the thermalnkage of CF-monofilament embedded
in the matrix resin was limited by the thermal axgan of the matrix resin. Therefore, the
carbon fiber in composites presented a weak negémperature coefficient and higher re-

sistance comparing with CF-monofilament at samepazature.

13
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Figure7. (a) Temperature sensitive effect curves of CF-rfilament and CF-monofilament composites;
(b) The relationship curves between RPL of CF-miteamient and CF-monofilament composites and elec-
tric current.

For CF-monofilament/EP composites, the convectieating and electric resistance
heating were different heating modes. In convedtigating mode, the heat was transformed
from environment (air in oven) to matrix resin, th® CFs, and the temperature field in ma-
trix and CFs was considered homogeneous. Thustémphase temperature could be deemed
to be identical to the environment temperatureeléctric resistance heating mode, the heat
was transformed from CF (heat source) to matrisnrélen to environment. Thus, in electric
resistance heating mode, the interphase temperg@liieg,) was lower than the temperature

(Tmee Of CF-monofilament in composites, and higher tktiza temperature ¥ of the ma-
trix resin, i.e., e < Tinterp < Tmee Which meant the temperature gradient existed in

CF-monofilament composites.

For CF-monofilament composites heated by electnicent, the thermal expansion of
matrix resin would restrict the thermal shrinkagd €F-monofilament. If the
CF-monofilament and CF-monofilament composites wagplied same electric current to,
according to the equation RxL/S, the resistance (R) of CF-monofilament composites

heated by electric current was larger thatdRf CF-monofilament heated by same electric
current, i.e., Rce™> Rme a@s shown in Fig. 7b. The higher resistance m€&nimonofilament

produced more heat in composites. Thus, the temyerdT,.) of CF-monofilament in

composites was considered higher than that) (@ CF-monofilament heated by same elec-
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tric current. Due to the micro-scale interphasdaregvith the thickness of tens to several
hundred nanometers, the temperature of interphaseceonsidered relatively close to that of
CF-monofilament in composites. Therefore, the phease temperature (&) was consid-

ered higher than the surface temperaturg)(®f CF-monofilament heated by same electric

current, i.e., he< Tinerp Based on the above analysis, the following retesthip could be ob-

tained: The< Tinerp< Tmee It meant it was considered that the relationshifve of interphase

temperature and electric current in composite shaimilarly lie between curves for
CF-monofilament and CF-monofilament composites.

Based on the corresponding relationship betweetethperature and the electric current
at an identical resistance value, the relationshiwes between the temperature of the speci-
mens and the electric current applied to the speasmvere obtained, as shown in Fig. 8. The
temperature in the interphase region was consideréall into the shadow region in Fig. 8.
From Fig. 8, as the electric current of 3 mA anddsmas applied to specimens, the interphase
temperature should be 66~72 and 120~130°C, respectively. Usually, the temperature of
Diels-Alder reaction and retro-Diels-Alder reactiaras 50-70°C and 90-130°C, respec-
tively[23, 34]. Therefore, the electric currentdMA and 5mA was selected as the repairing

electric current. The interphase repairing procggsias as follows: 5 mA for 2 h, and 3 mA

for 2 h.
CF-monofilament composites
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-~ 150 |-
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Figure 8. The relationship between the interphase temperaind the electric current applied to carbon
fibers.
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3.3 Effect of electric-thermal on chemical compositionsin interphaseregion

The effect of electrothermal effect on the chemam@ahpositions of the resin adjacent to
CF was investigated through micro-FTIR. The micidHF spectra of the resin adjacent to CF
were shown in Fig. S5, and the micro-FTIR specfrézhe epoxy groups (917 ¢th were
shown in Fig. 9. The transmittance of epoxy grodpsreased with the increase of the dis-
tance from CF, indicating that the conversion dtepoxy groups increased as the distance of
resin from CF decreased. The results showed tleatelbctrothermal effect promoted the
postcure of resin adjacent to CF, and the promatitect was similar to convective heating.
Moreover, the electrothermal effect showed sigaiiiclocality, and only the resin in the lo-
calization region could be heated effectively.dtified the feasibility of electrothermal effect

of CF to be used for repairing the damaged intesghan CFRPs.

—10 uym
——20 ym
——30 um
——40 um
——50 um
——60 um
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Transmittance (%)

917cm™
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Figure 9. The micro-FTIR spectra of resin with differenttdisce from CF treated by electric reistance
heating.

3.4 Electrothermally responsive inter phase self-healing
3.4.1Interfacial debonding and self-healing

The Diels-Alder cycloaddition adduct was more flaghan other covalent bonds in a
polymer chain[34]. Therefore, in the process oéifecial debonding, the Diels-Alder adducts
were much easier to break up under excessive Ma8l.mA, the interphase temperature in-
creased to 120-130@C, and the retro-Diels-Alder reaction occurred vite Diels-Alder ad-

ducts broken up into furan groups and maleimidasgsounder the electrothermal effect of



CFs[23, 34, 48]. After the electric current deceshto 3 mA, the interphase temperature de-
creased to 66~72C, and the reversible covalent Diels-Alder cycloéiddi adducts could re-
form through the reaction between furan and mabingroups under the electrothermal ef-
fect of CFs, which meant that the interphase wpaired. The furan and maleimide groups
were mainly from the retro-Diels-Alder reactiondaa little portion were the residual ones.

The mechanism of interphase debonding and healasgsivown in Fig. 10.

Epoxy Epoxy

Interface Debonding . @/ \@ \fi

{
5 mA Diels-Alder adducts break into
120~130°C for2 h furan groups and maleimide groups.
3mA
O Cfm 66~72 ‘C for2h :
2 ; : f ; ‘ § F\IJran Igioups au.d [nalehlﬁde ""S)t"m‘?‘v v g ol o % = ;
- groups react to reform Diels-
» Alder adducts. _%
Figure 10. Mechanism of interphase debonding and self-healing
Self-healing properties of the CF/EP interphaseewaraluated by repeated debond-
ing-healing test of micro-droplet specimens. Repméstive load-displacement curves of
self-healing specimens and control specimens werens in Fig. 11. The self-healing speci-
mens and control specimens were treated under santitions: 5 mA (120~130C of in-
terphase temperature) for 2h and then 3 mA (667 f interphase temperature) for 2h. In
loading process, the load dropped suddenly andheeba frictional plateau after the mi-
cro-droplet was loaded to a certain maximum valighe point where the load reached the
maximum value, the full interfacial debonding ogedr The maximum value was defined as

debonding force, and the force in frictional plateeas considered as frication force between

micro-droplets and carbon fiber surfaces.
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Figure 11. Representative load-displacement curves of (Ehealling (BMB-CF/EP composites) specimen
with recovery of IFSS and (b) control (Pristine-EP/composites) specimen with recovery of only fric-
tional force.

From Fig. 11a, the self-healing specimen was loaddd 4.6 mN before the first full in-
terfacial debonding, and then the load quickly hegicthe frictional plateau (about 16.7 mN).
After the first and second self-healing treatmenit®® micro-droplet test of the identical
specimen was carried out again, and the maximurorakbg forces reached 82.1 mN and
47.0 mN, respectively, which demonstrated that Diels-Alder adducts broken up in the
process of interfacial debonding were reformed essitlly in the self-healing treatment (5
mA (120~130°C of interphase temperature) for 2h and then 3 nGA 7@ C of interphase
temperature) for 2h), and the interfacial adhesias improved. However, in contrast, after
the first and second self-healing, the control spen (Pristine-CF/EP composites) only re-
covered the friction force. The difference betwdbe load-displacement curves of the
self-healing specimen and the control specimen dsirated the successful application of
electrothermal effect in the CF/EP interphase lsedhng.

In order to further verify the self-healing behayithe SEM topographies of different
composite micro-debonding specimens prior and ditaling process were observed, as
shown in Fig. 12. Obviously, both of pristine-CkeldBMB-CFs were completely intact with
epoxy resin before debonding process, as showigihZal and bl. After debonding process,
an apparent micro-crack appeared between fibergpoxly resin, as shown in Fig. 12 a2 and
b2. After healing process, the micro-cracks presgmio obvious change as shown by SEM
topographies of Pristine-CF/EP composite micro-bhtspin Fig. 12 a3. However, the mi-

cro-cracks disappeared, and the more intense atignabetween BMB-CFs and epoxy resin
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reformed after healing process as shown by the &ipdgraphies of BMB-CF/EP composite
micro-droplets in Fig. 12 b3. It indicated the mptiease between BMB-CFs and epoxy was
newly reformed after healing process. After theogechealing process, the interphase was
reformed again, as shown in Fig. 12 c2, indicatomynplete healing of interphase mi-

cro-cracks.

Figure 12. SEM topographies of different micro-dedjgpecimens. (al), (a2), (a3): initial, debonded
healed Pristine-CF/EP composites specimen; (b2), (b3), (c1) (c2): initial, first debonded, fils¢aled,
second debonded and second healed BMB-CF/EP caepspiecimen.

3.4.2Interfacial healing efficiency

Micro-droplet method was used to characterize H&SI between CFs and resin matrix.
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Fig. 13 showed the micro-debonding test resultscaritrol (Pristine-CF/EP composites)
specimens and self-healing (BMB-CF/EP compositpstisnens with different content of FA
in matrix. It can be seen that the self-healingcspens containing FA in matrix had higher
IFSS than control specimens. For self-healing spews containing 13% of FA in matrix, the
IFSS value was 68.49 MPa, 51.12 % higher than 4BIBa of control specimens. The im-
proved IFSS showed that the interfacial adhesiopgries between CFs and epoxy was im-
proved by the BMB functionalization of CFs, whichutd be ascribed to the formation of
more chemical interaction bonds and mechanicatlodkeing between CF and epoxy. Mean-
while, some pieces of epoxy matrix remaining orboarfiber surface after debonding also

indicated the improved interfacial adhesion, asshm Fig. 12 b2.
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Figure 13. IFSS of self-healing (BMB-CF/EP composites) spetigwith different content of FA in
matrix and control (Pristine-CF/EP composites) spen after healing.

As reference, the IFSS of the first and secondedeabntrol specimen was 12.75 MPa
and 12.40 MPa, respectively, almost equal to tieidn between micro-droplets and carbon
fiber surface. By comparison, it can be found fédr the first and second healing treatment
the IFSS of self-healing specimens was much higfem that of control specimens, which
should be attributed to the reformation of the cizahbonds, Diels-Alder bonds, connecting
matrix resin and carbon fibers. It suggested that damaged interphase was successfully
healed under the electrothermal effect, consistéhtthe analysis results in section 3.4.1.

Fig. 14 showed the healing efficiency of self-hegl{(BMB-CF/EP composites) speci-
mens and control (Pristine-CF/EP composites) spatanThe optimized efficiency of the

first and second healing was about 71.7 % and %d,.lespectively. For control specimens,
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the healing efficiency of the first healing and gerond healing treatment was 27.3 % and
27.7 %, respectively. However, it should be noteat the self-healing efficiency of Pris-
tine-CF/EP composites should be attributed toitnctforces generated from sliding of the
matrix droplets on the surface of carbon fiberg, the self-healing effect. For self-healing
specimens, the healing efficiency increased asaohéent of FA in matrix increased, attribut-
ed to that the increase of FA in matrix brought fitrenation of more Diels-Alder adducts in
interphase region. The electrothermal effect respeninterphase self-healing method pre-
sented a similar healing effect to the convectivermal repairing method reported by W.

Zhang[31, 48].
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Figure 14. Healing efficiency of self-healing (BMB-CF/EP coogites) specimens with different content
of FA in matrix and control (Pristine-CF/EP compes) specimen.

As shown in Fig. 14, the healing efficiency deceshas the debonding times increased.
On one hand, although Diels-Alder adducts were rikedy to be broken and generate furan
groups and maleimide groups under excessive loadiap Diels-Alder adducts were still
separated asymmetrically, which led to the reduaatofuran groups and maleimide groups in
interphase region. On the other hand, relativergjithetween micro-droplets and surface of
CFs caused the generation of micro-gaps betweer+droplets and surface of CFs. The rel-
atively deep micro-gaps (as shown in Fig. 12 c2vented the reaction of furan groups and
maleimide groups, which reduced the interfacialihgaability. As the debonding-healing cy-
cles increased, the effects accumulated step pylextieto the decrease in the promotion effect

of the electrothermal effect on the self-healinficency.
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4. Conclusion

In this work, electrothermal effect of carbon fipdras been used to successfully repair
the CF/EP interphase containing thermoreversibl@lemt bonds, which was more facile and
more efficient. The resistance of carbon fibersrei@®ed as the temperature and electric cur-
rent increased, presenting negative temperaturfiactert, based on which the interphase
temperature has been evaluated. The micro-FTIRtrspeéwicated that electric resistance
heating presented promotive effect on the react@waand carbon fibers in composites, simi-
larly to convective heating. The damaged Diels-Aldgcloaddition adducts in interphase re-
gion reformed under the response of electric rigsisteating of carbon fibers in CFRPs. The
micro-droplet measurement verified the self-heabedavior of the damaged interphase, and
the SEM topographies suggested the disappearangeredarmation of interphase mi-
cro-cracks before and after healing treatment. dgtamized efficiency of the first and second
healing was about 71.7 % and 41.1 %, respectiVdlg. electrothermally responsive interfa-
cial self-healing technique not only could avoid ttamages to the CF surface caused by the
traditional oxidation modification methods, butalsould reduce the heating aging of the
matrix resin and deformation of composites caugecbinvective thermal repairing methods.

More future work will focus on optimization reselaron the effect of some factors on

the self-healing ability, such as the modificatroathods, the self-healing conditions, et al..
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