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Abstract 26 

From manufacturing onset through service, cure progress and structural integrity of fibre-27 

reinforced polymer (FRP) composites are monitored continuously using a single type of 28 

pre-implanted nanocomposite sensors. The sensors precisely respond to broadband 29 

dynamic strains up to half a megahertz, yet without imposing intrusion to host composites 30 

and downgrading the original structural integrity. In conjunction with differential scanning 31 

calorimetry and a Sesták–Berggren autocatalytic kinetic model, cure behaviors of FRPs 32 

during fabrication are evaluated accurately, in terms of the matrix polymerization degree 33 

that is correlated with subtle changes in propagation characteristics of guided ultrasonic 34 

waves captured by the pre-implanted sensors. Use of the sensors is subsequently extended 35 

to structural integrity monitoring of FRPs that are in service. Experimental validation 36 

demonstrates that a transient impact to composites can be localized and imaged with the 37 

pre-implanted sensors. This study illustrates an in situ life cycle monitoring approach for 38 

FRPs using a single type of permanently implanted sensors with neglectable intrusion to 39 

composites. 40 

41 

Keywords: A. Nanocomposites; D. Process monitoring; D. Ultrasonics; Structural health 42 

monitoring43 
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1. Introduction 44 

Real-time, continuous condition monitoring of fibre-reinforced polymer (FRP) composites, 45 

from the manufacturing onset, through service to the end of life, is of vital significance, to 46 

warrant structural integrity, reliability and durability spanning the entire life cycle of 47 

composites [1-3]. To accommodate such a need, prevailing approaches use multiple types 48 

of sensors with distinct sensing philosophies, to monitor different life cycle stages [1-3], 49 

yet the use of a single type of sensor for uninterrupted monitoring across multiple stages is 50 

increasingly attempted. As representative examples, Rufai et al. [4] and Nielsen et al. [5], 51 

respectively, developed optical fibre sensing networks to estimate strain accumulation in 52 

large-scale composites during manufacturing, and subsequently to measure strain variation 53 

using the same sensors when composites are subject to loadings in service. 54 

Notwithstanding, fibre optics-based sensors are of excessive thermal susceptibility to the 55 

ambient temperature fluctuation, restricted by which fibre optics-based sensors are usually 56 

used for monitoring cure progress of FRPs under an isothermal condition [6]. Contrast to 57 

this, optical fibres are, however, not sensitive to the presence of damage in FRPs that is 58 

distant, because such type of sensors can only perceive localized strain variation in sensor 59 

vicinity which is not remarkably affected by distant damage. The brittle nature of optical 60 

fibres entails extra caution during sensor embedding, adding extra complexity to FRP 61 

fabrication [7]. More importantly, optical fibres – a passive sensor, can only facilitate 62 

passive monitoring of strain changes in a relatively low-frequency regime. 63 

 64 

Lead zirconate titanate (PZT)-made sensors respond to dynamic strains in a broad band, 65 

with proven sensing capability to entertain acousto-ultrasonics-based monitoring [8, 9]. 66 

PZT-type sensors can be immobilized with FRPs in either a surface-mounting or an 67 

internal-embedding manner, while the latter is preferred when isolation of sensors from 68 
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environmental attacks (e.g., moisture and corrosion) or reliability of long-term signal 69 

acquisition is a concern. There is rich supply of approaches using embedded PZT wafers to 70 

implement cure monitoring or structural health monitoring (SHM) of FRPs [10, 11]. To 71 

name but a few, Liu et al. [10] evaluated the reaction progress of epoxy using embedded 72 

PZT wafers, and identified in-service damage in composites in terms of feature changes in 73 

guided ultrasonic waves (GUWs) captured by the same PZT wafers. This study endows 74 

conventional FRPs with the capacity of self-monitoring, in a continuous and promising 75 

manner. However, it is envisaged that when PZT-type sensors are embedded in FRPs, 76 

these sensors downgrade, to a certain degree, the composites’ original structural integrity 77 

[12, 13]. To put it into perspective [13], the reduction in flexural and compression 78 

strengths of a FRP, due to the embedment of a PZT wafer, can be as high as 8% and 12%, 79 

respectively. 80 

 81 

Recent advances in nanomaterials have offered new possibility to revamp the monitoring 82 

philosophy of FRPs through a life cycle, with minimized intrusion to composites due to 83 

sensor embedment [14-16]. Luo et al. [17, 18] decorated glass fibres with carbonaceous 84 

nanomaterials to calibrate the impedance of glass fibre-reinforced polymer composites, on 85 

which basis the polymer cure progress was evaluated. The cure monitoring was followed 86 

with failure prediction using the same developed fibre sensors when the composites were 87 

loaded. In addition to the above fibre sensors, Wang et al. [19] and Wang et al. [20] 88 

respectively developed a laser-induced graphene-based sensor which can be integrated in 89 

composites to perform through-life monitoring of structural integrity, with additional 90 

merits such as fire retardancy and the function of de-icing. In a similar vein, Lu et al. [21] 91 

and Ali et al. [22] also, respectively, demonstrated the efficiency of using buckypaper and 92 

graphene-coated fabrics for process monitoring via measuring the variation in electrical 93 
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resistance. The principle of both cure evaluation in fabrication and integrity monitoring in 94 

service was based on the premise that the change in resin consolidation or the occurrence 95 

of damage alters the electrical resistance measured by the nanomaterial-based sensors. 96 

Prevailing approaches in this category are limited to the use of polymer composites with 97 

dielectric reinforcements (e.g., glass, aramid or nylon fibres), in which short-circuit of 98 

sensors by fibres is not an issue. In addition, electrical resistance is a global parameter, 99 

only qualitatively and holistically reflecting the alteration in material properties between a 100 

pair of electrodes. Though several studies [23, 24] have demonstrated that the electrical 101 

impedance tomography is an efficient monitoring approach, the sensitivity of such a 102 

technique, when it is used for quantitative evaluation of micro-scale damage, still needs 103 

further proof. 104 

 105 

In contrast to electrical impedance, GUWs of higher frequencies carry fairly localized 106 

information that is accumulated along wave propagation paths, able to quantitatively 107 

estimate cure progress (during manufacturing) or integrity degradation due to damage (in 108 

service) even if the damage is distant from the sensor or of microscale [25, 26]. As 109 

commented earlier, conventional GUW-based monitoring is regularly implemented in 110 

conjunction with the use of PZT-type sensors for GUW generation and acquisition, 111 

embedment of which unavoidably degrades the original structural integrity of host 112 

composites. On the other hand, the majority of nanocomposite/nanomaterial-based sensors 113 

are engineered to perceive quasi-static or low-frequency cyclic strains [27]. He et al. [28] 114 

recently reported a new genre of one-dimensional, graphene-enabled fibre electronic, 115 

which can faithfully capture ultrasonic signals of the frequency up to ~20 kHz. However, 116 

there is still limited endeavor to develop implantable sensors that are able to respond to 117 

GUWs of several hundred kilohertz or even megahertz. 118 
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In such a backdrop, we expand our continued endeavour in developing nano-engineered 119 

sensors for GUW-based SHM [29-32]. A genre of nanocomposite sensors is tailor-made, to 120 

respond to GUWs of half a megahertz. The sensors are pre-implanted in FRPs, with which 121 

cure progress calibration during manufacturing and integrity monitoring in service of FRPs 122 

are hierarchically implemented, by scrutinizing subtle changes in propagation 123 

characteristics of GUWs perceived by the sensors. With differential scanning calorimetry 124 

(DSC) and a Sesták–Berggren autocatalytic kinetic model, cure behaviors of composites 125 

are evaluated continuously, in terms of the matrix polymerization, to different degree of 126 

which GUWs manifest various propagation traits. Use of the pre-implanted sensors is 127 

subsequently expanded to structural integrity monitoring, in which a transient impact to 128 

composites is localized and imaged. GUW-based continuous monitoring of FRPs spanning 129 

from manufacturing to service, in a real-time and in situ manner, is achieved using a single 130 

type of permanently implanted sensors, yet without sacrificing the original structural 131 

integrity of host FRPs. 132 

 133 

2. Cure Kinetics of Matrix 134 

Material properties of FRPs (e.g., stiffness and strength) are associated with the cure 135 

degree of matrix in a curing process [33]. On the other hand, propagation attributes of 136 

GUWs in FRPs are also dependent on material properties (e.g., density and stiffness) and 137 

geometric features of FRPs [34]. Provided that the density and geometric features of a 138 

FRP, and the properties of fibres remain unchanged through the curing process [8, 35], the 139 

change in propagation characteristics of GUWs can reflect the cure information of matrix. 140 

 141 

To develop such a correlation, cure behaviors of FRPs are first investigated via DSC and a 142 

Sesták–Berggren autocatalytic kinetic model. Without loss of generality, a unidirectional 143 
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E-glass epoxy prepreg (Guangwei Composites® G15000; thickness: 0.15 mm; fibre weight: 144 

150 gsm; resin content: ~40 wt.%) is characterized with a differential scanning calorimeter 145 

(METTLER TOLEDO® DSC 3) in a nitrogen atmosphere (20 sccm) at the heating rate ( 146 

) of 1.0, 1.5, 2.0, 3.0, and 4.5 K/min, respectively, in a temperature range from 298.15 to 147 

523.15 K. Prepreg sample (~2 mg) is sealed in an aluminum DSC pan, and placed in the 148 

DSC chamber, along with another empty DSC pan that is heated simultaneously for 149 

benchmarking. 150 

 151 

The DSC curves (viz., heat flow vs. heating temperature) of the prepreg, representing the 152 

cure progress of matrix, obtained at representative heating rates, are compared in Fig. 1, in 153 

which an exothermic peak is observed in each curve. As   increases, the exothermic peak 154 

shifts to a higher temperature range with a higher magnitude of exotherm, which is 155 

attributable to a higher increasing rate of the temperature. 156 

 157 

With results in Fig. 1, the cure degree against time, ( )t , is defined as 158 

( )
( )

T

H t
t

H
  ,                                             (1) 159 

where H(t) is the reaction enthalpy released till a moment of investigation t; HT signifies 160 

the total reaction enthalpy which is to be obtained by integrating the heat flow over the 161 

entire exothermic peak area in Fig. 1. 162 

 163 

The cure rate, 
( )d t

dt


, can be correlated to the ambient temperature T through curing [36, 164 

37] as 165 

( )
( ) ( )

d t
k T f

dt


  ,                            (2) 166 
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where k(T) denotes a temperature-dependent constant, and ( )f   the function representing 167 

a kinetic model (to be detailed in the sequent section). k(T) can be expressed using an 168 

Arrhenius equation [38] as 169 

( )
E

RTk T A e


  ,           (3) 170 

where A represents a pre-exponential factor, E the apparent activation energy, and R the 171 

universal gas constant (8.314 Jmol-1
K-1). With above correlations, Eq. (2) can be re-172 

written as 173 

( )
( )

E

RT
d t A

e f
dT








  .                                   (4) 174 

To estimate E and A, the Kissinger method [38, 39] is recalled. The method assumes that 175 

the cure degree of resin, regardless of  , remains the same when 
( )d t

dt


 reaches its 176 

maximum, on which basis one has 177 

2
ln( ) ln( )

p p

AR E

T E RT


  ,                                              (5)

 178 

where Tp is the temperature, at which 
( )d t

dt


 reaches its maximum at a given  . Via 179 

plotting ln(β/Tp
2) versus 1/Tp, calculating the slope of linear fit and determining the y-180 

intercept, the values of E and lnA are obtained as 86.26 kJ/mol and 24.87 ln(min-1), 181 

respectively, as shown in Fig. 2(a). 182 

 183 

With known E and lnA, the Sesták–Berggren model [37-39] is applied, in conjunction with 184 

the obtained DSC results in Fig. 1, to ascertain ( )f  . With the Sesták–Berggren model, 185 

( )f   is approximated by 186 

( ) ( ) (1 ( ))m nf t t    ,    (6) 187 
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where m and n are two unknown variables to be determined. Substituting Eqs. (6) into (4) 188 

and taking the logarithm of the equation, it yields 189 

( )
ln( ) ln[ ( ) (1 ( ))] ln

E

pRT
d t

e n t t A
dt


     ,                                (7) 190 

where 
m

p
n

 . On the other hand, introducing ( )Mt  which represents the cure degree, at 191 

which 
( )

E

RT
d t

e
dt


 reaches its maxima at a given   (as indicated in Fig. 2(b)), p can be 192 

calculated via 193 

( )

1 ( )

M

M

t
p

t







.                                (8) 194 

In Fig. 2(b), it can be seen that for all   of investigation, ( )Mt  remains a constant of 195 

~0.3, and p is therefore ~0.43. With it, n and m are further calculated, in Table 1. With all 196 

parameters in Table 1, the correlation between 
( )d t

dt


 and cure temperature, and the 197 

correlation between ( )t  and cure temperature are fitted with the Sesták–Berggren model, 198 

and shown in Fig. 3. These two correlations can be extended to calculate the cure rate 199 

(
( )d t

dt


), and the cure degree ( ( )t ) against the cure temperature, at a given heating rate (200 

 ). 201 

 202 

On the other hand, different cure degrees of matrix modulate propagation characteristics of 203 

GUWs in FRPs distinctly. Facilitated by the correlations in Fig. 3, ( )t  can thus be linked 204 

to the group velocity (Cg) of GUWs, by taking into account different heating rates (  ). 205 

With measured Cg, the cure degree can be evaluated (in Section 3.2). 206 

 207 

 208 
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3. Continuous Monitoring of Cure Progress and Structural Integrity 209 

By virtue of the cure kinetic model and the correlation between GUW features and cure 210 

degree, monitoring of cure progress of FRPs during manufacturing and structural integrity 211 

in service is implemented continuously and hierarchically, using pre-implanted 212 

nanocomposite sensors. 213 

 214 

3.1 Fabrication of Implantable Nanocomposite Sensors 215 

A new sort of piezoresistive nanocomposite sensors is developed via spray coating – a 216 

cost-effective additive manufacturing approach. To prepare the sprayable nanocomposite 217 

ink, graphene nanoplatelets (GNPs) (TANFENG®; thickness: ~1 nm; diameter: ~50 μm; 218 

SSA: ~1200 m2/g; and purity: >99 wt.%) and polyvinylpyrrolidone (PVP) (Sigma-219 

Aldrich® PVP K-30) are dissolved in 20 ml ethanol, at a weight ratio of 1:19 (0.05 g and 220 

0.95 g, respectively). The sensors, with a planar dimension of 20 × 3 mm2 each, are 221 

deposited on a partially pre-cured B-stage epoxy film using an airbrush. The epoxy film is 222 

pre-cured to achieve the cure degree of ~0.4, so that possible flowing of epoxy can be 223 

restrained, and the initial morphology of nanocomposite ink deposited on the film can be 224 

remained. To minimize intrusion to host FRPs, the sensors are electrified using highly 225 

conductive carbon nanotube film (CNT-film)-made wires (DexMat®; linear resistance: 226 

20±3 Ω/m; thickness: 10±5 μm; width: 1±0.1 mm). Another layer of epoxy film is placed 227 

on the sensors and CNT-film-made wires. Both epoxy films, respectively atop and beneath 228 

the sensors and wires, work as a pair of dielectric membranes to encapsulate the sensors 229 

and insulate them from conductive fibres (e.g., carbon fibre) when implanted into FRPs. 230 

The encapsulated sensors are entirely cured under a vacuum-assisted cure condition (130 231 

℃, 60 min). A batch of finished sensors is photographed in Fig. 4. Scanning electron 232 

microscopy (SEM) images of a sensor are shown in Fig. 5. In Fig. 5(a), the thickness of  233 
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sensor including its wires is measured to be ~45 μm only; in Fig. 5(b), GNPs are observed 234 

to disperse in PVP matrix evenly – a critical merit to enhance the sensitivity of  235 

piezoresistive sensors to high-frequency dynamic strains (e.g., GUWs). 236 

 237 

To interrogate the possible intrusion of implanted sensors to the host FRP composites, 238 

sensors are implanted between the 4th and 5th plies of an eight-ply quasi-isotropic 239 

[0/90/45/-45]s FRP laminate, which is then cured in accordance with a standard 240 

autoclaving process with key parameters listed in Table S1. Tensile and bending tests, in 241 

accordance with ASTM D3039 and D790 respectively, are conducted to gauge the 242 

degradation in mechanical attributes of FRPs due to sensor intrusion. For each category of 243 

test, three FRP specimens, each of which is implanted with a nanocomposite sensor, along 244 

with another three specimens which are of the same dimensions but without sensor 245 

implantation, are tested. Figure S1 displays the mechanical test results of FRPs with and 246 

without the implanted sensor. Both the stress-strain curves (acquired in the tensile test) and 247 

the load-displacement curves (acquired in the bending test) demonstrate that the implanted 248 

sensor does not result in measurable degradation in elastic attributes of the host 249 

composites, before the specimen fracture. Neglectable change in tensile and flexural 250 

strengths is observed: the tensile strength decreases slightly from its original 845.9±15.38 251 

MPa to 823.5±17.41 MPa upon implantation of sensors, and the flexural strength increases 252 

marginally from 916.6±30.35 MPa to 950.9±67.49 MPa (the slight increase is attributable 253 

to the discrepancy among tested specimens). Figure 6 shows the cross-section of laminate 254 

with an implanted sensor (including its CNT-film-made wires), insert of which highlights 255 

the sensor vicinity and accentuates the excellent interface between prepreg and sensor. The 256 

mechanical test results have demonstrated the high compatibility of the implanted sensors 257 

with the host composites. 258 
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Responsivity of the implanted sensors to quasi-static tensile loads and high-frequency 259 

GUWs is respectively calibrated (detailed experimental configuration in Section 3.2.1). 260 

The nanocomposite sensors, by virtue of the quantum tunnelling effect [40, 41], 261 

demonstrate sufficient sensitivity to dynamic strains in a broad band, ranging from static 262 

tensile loads (with a gauge factor of 34.5), as shown in Fig. S2(a), to GUWs up to 450 263 

kHz, in Figs. S2(b) and (c). 264 

 265 

3.2 Cure Monitoring 266 

With the Sesták–Berggren model, the matrix cure degree ( ( )t ) is correlated with group 267 

velocity (Cg) of GUWs perceived by the pre-implanted sensors, and the cure progress of 268 

FRPs can be monitored in a real-time and in situ manner. 269 

 270 

3.2.1 Methodology 271 

Eight plies of unidirectional E-glass epoxy prepregs are stacked to produce an 8-layer 272 

quasi-isotropic [0/90/45/-45]s FRP laminate (500 × 500 × 1.15 mm3). A group of eight 273 

nanocomposite sensors is implanted between the 4th and 5th prepregs, to configure a sparse 274 

sensor network via CNT-film-made wires. The sensor network is instrumented with a self-275 

developed signal generation and acquisition system, as illustrated schematically in Fig. 7. 276 

Two ETFE peel films (AIRTECH® WL5200B), 15 μm thick each, are placed atop and 277 

beneath the stacked prepregs. The stacked prepregs that are sandwiched by the peel films 278 

are placed on an aluminium tooling plate covered with a layer of thick breather. A 279 

miniaturized PZT wafer (PSN-33; Ø: 12 mm; 1 mm thick) is surface-placed at the centre of 280 

the upper peel film for GUW generation, which is 150 mm from each of the eight 281 

nanocomposite sensors. Under the vacuum pressure of -25 inHg, a good acoustic coupling 282 

is achieved between the PZT wafer and prepregs, warranting efficient generation and 283 
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transmission of GUWs. After adding another thick breather layer on the upper peel film, 284 

the prepregs undergo a standard vacuuming process. Upon vacuuming, prepregs are heated 285 

from 298.15 to 458.15 K until the laminate is fully cured. 286 

 287 

A 5-cycle Hanning-function-modulated sinusoidal toneburst is generated at a frequency of 288 

175 kHz every ten microseconds, using a waveform generator on NI® PXIe-1071 platform. 289 

The generated signal is applied on the PZT wafer, after it is amplified to 400 Vp-p via a 290 

linear power amplifier (Ciprian® US-TXP-3). Propagation of the generated GUWs in 291 

prepregs during the cure progress is perceived with the pre-implanted sensors and recorded 292 

with an oscilloscope (Agilent® DSO9064A), as shown in Fig. 7. 293 

 294 

3.2.2 Results 295 

All GUW signals recorded as cure progresses are applied with a first-order Butterworth 296 

filter to mitigate ambient noise and measurement uncertainties. Figure 8 shows 297 

representative GUW signals perceived by a pre-implanted sensor, along with the energy 298 

envelopes of signals obtained via the Hilbert transform, at different temperatures with the 299 

heating rate of 1.5 K/min. The Hilbert transform is an approach to canvass a signal in the 300 

time domain in terms of its energy distribution, and the envelope depicts the signal energy 301 

migration against time. It can be seen in Fig. 8 that both the group velocity of GUWs and 302 

signal amplitudes change remarkably against temperature through curing. 303 

 304 

The group velocity of the zeroth-order symmetric Lamb wave mode (denoted by S0 in 305 

figures) is extracted from signals, with which the cure progress of matrix is real-time 306 

monitored according to the Sesták–Berggren model. Cg is calculated in virtue of the time at 307 

which the signal energy envelope reaches its peak, as 308 
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g

s e

L
C

t t



,                                                    (9) 309 

where L (150 mm) is the distance between the PZT wafer and a nanocomposite sensor. te 310 

and ts signify the moments, at which the energy envelope reaches its peak, respectively for 311 

the excitation signal and for the sensor-received signal. 312 

 313 

A batch of 8-layer prepregs, each with the pre-implanted nanocomposite sensor network 314 

and a surface-placed PZT wafer, is prepared. As representative results, for each heating 315 

rate (namely 1.0 and 1.5 K/min), two groups of measured signals are displayed in Fig. 9, 316 

showing the progressive alteration in Cg of the S0 wave mode through a curing process. 317 

The S0 wave mode is measurable at the beginning of cure. As observed, Cg of the S0 wave 318 

mode decreases, as the cure temperature elevates, until wave signals can no longer be 319 

identified due to the fact that the matrix becomes a highly attenuative, viscous liquid; as 320 

cure continues, the S0 wave mode is measurable again from ~393 K for the heating rate of 321 

1.0 K/min, and from ~399 K for 1.5 K/min, at which the corresponding cure degrees are 322 

0.620 (for 1.0 K/min) and 0.625 (for 1.5 K/min), as predicted by the Sesták–Berggren 323 

model. These results are consistent with the cure degree at the gel point of the matrix 324 

(~0.6) as provided by the manufacturer. As depicted in Fig. 9, after the gel point of matrix, 325 

Cg of GUWs increases rapidly, as a result of a higher crosslinking density of the resin. The 326 

increasing rate of Cg decreases after the matrix begins its vitrification and subsequently 327 

remains slight change which indicates the completion of cure. 328 

 329 

The alteration of Cg of the S0 wave mode is quantitatively associated with the change in 330 

stiffness of the matrix which reflects the cure degree, as shown in Fig. 10. In Fig. 10(a), 331 

good consistence among all experimentally measured Cg is noted when the cure degree of 332 
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matrix is the same, irrespective of different heating rates. With Fig. 10(a), the correlation 333 

between the cure degree of matrix and Cg of the S0 wave mode is fitted as 334 

0.39 0.26

0.625
1035 (1 ) 2460gC d



     ,                 (10) 335 

as shown in Fig. 10(b). With such a correlation, cure information of composites after the 336 

gel point of matrix can be monitored in a real-time manner with the pre-implanted 337 

nanocomposite sensors, to quantify the cure degree of matrix and indicate the completion 338 

of resin cure. 339 

 340 

3.2.3 Cure Anomaly Detection 341 

With Eq. (10), the cure progress of another two sets of 8-layer prepregs is monitored at the 342 

heating rate of 2.0 K/min. To introduce a mock-up anomaly in a curing process, a heating 343 

tape (measuring 15 × 3 cm2) is adhered at the back surface of the tooling plate for one of 344 

the two sets. The tape is located along the GUW propagation path that is linked by the PZT 345 

wafer and the nanocomposite sensor I (indicated in Fig. S3). The heating tape quickly 346 

elevates the temperature of matrix in the vicinity of tape, at a higher heating rate than that 347 

in the rest region of matrix. A thermocouple is collocated alongside the tape to real-time 348 

record the temperature change in such an abnormal heating area. As seen in Fig. 11(a), the 349 

predicted Cg, obtained via the Sesták–Berggren model and also Eq. (10), is consistent with 350 

that experimentally measured in the normal heating area of matrix; in contrast, the Cg 351 

measured from the abnormal heating area shows inconsistence with the model-predicted Cg, 352 

in Fig. 11(b), implying cure anomaly. 353 

 354 

 355 

 356 

 357 
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3.3 In-service Impact Localization 358 

Subsequent to the above cure progress monitoring, structural integrity of the same FRP 359 

laminate in service is further evaluated, using the same pre-implanted nanocomposite 360 

sensor network. The eight nanocomposite sensors in the network are denoted with Si (361 

1, 2 ,, 8i  L ), enclosing a circular inspection area with a radius of 150 mm, Fig. 7. As a 362 

proof-of-concept validation, a steel ball (Ø: 8 mm; weight: 10 g) impinges on the laminate 363 

from a height of 250 mm (~25 × 10-3 J impact energy) in a drop-weight impact test, and the 364 

impact triggers acoustic emission (AE) signals that are captured by the sensors and 365 

recorded with the system. Raw signals are applied with a first-order Butterworth low-pass 366 

filter with the cut-off frequency of 10 kHz, to supress measurement noise. A delay-and-367 

sum triangulation algorithm [42] is recalled to image the impact spot. In the algorithm, the 368 

moment ti, at which the first-arrival wave component is captured with the ith sensor located 369 

at (xi, yi), is defined as 370 

0i it t t   ,                  (11) 371 

where t0 denotes the moment at which the steel ball impinges on the laminate, and it the 372 

time for the first-arrival wave component in the AE signal to travel from the impact spot to 373 

Si. With another sensor Sj at (xj, yj), the difference (i.e., ( , )ijt x y ) in the arrival time of AE 374 

signals captured by Si and Sj reads 375 

2 2 2 2

0 0

( ) ( ) ( ) ( )
( , ) ( ) ( )

i i j j

ij i j i j

plate

x x y y x x y y
t x y t t t t t t

v

      
          , (12) 376 

( 1, 2 ,, 8i  L ) 377 

where variables are distinguished by subscripts i and j for two individual sensors, vplate the 378 

velocity of the first-arrival wave component, and (x, y) the impact spot location. A two-379 
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dimensional grey-scale image is obtained using the delay-and-sum triangulation algorithm, 380 

in which each pixel value ( ( , )ij x y ) is defined as 381 

( , ) = max( + ( ( , )))ij i j ijx y E E t x y  ,              (13) 382 

where E is the energy packet of the first-arrival wave component extracted from the AE 383 

signals. The max operator in the equation defines the maximal of summation of two signals 384 

received by Si and Sj, which is associated with the probability of impact spot – that is the 385 

perception as to the impact spot from the perspective of the sensor pair of Si and Sj. 386 

Aggregating images constructed by all sensor pairs rendered by the sensor network, a 387 

superimposed image is made, in which those pixels with greater values have a higher 388 

degree of probability of the impact spot, and vice versa. Figures 12(a) and (b) show the 389 

raw and filtered signals captured by S3 and S5, as an example; Fig. 12(c) highlights the 390 

identified impact location using the above delay-and-sum algorithm, in which the colour 391 

gradient calibrates the probability of the occurrence of an impact. A high degree of 392 

coincidence between the identified impact spot and reality is observed. 393 

 394 

4. Concluding Remarks 395 

This study demonstrates a new approach for in situ, online monitoring of FRPs using a new 396 

kind of implantable nanocomposite sensors, from cure monitoring to in-service impact 397 

localization. The pre-implanted sensors, fabricated by spray coating the GNPs/PVP 398 

nanocomposite ink on partially pre-cured B-stage epoxy films, are ~45 μm in thickness and 399 

demonstrate nonintrusive attributes with the host FRPs, resulting neglectable variation in 400 

both tensile (<3%) and flexural (<4%) strengths. Being capable of perceiving strains in a 401 

broad frequency range from quasi-static loads (with a high gauge factor of 34.5) to GUWs 402 

up to 450 kHz, the sensors endow conventional composites with a capability to self-403 
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monitor the matrix cure progress and self-detect the cure anomaly, if any, via interpreting 404 

subtle changes in propagation characteristics of sensor-captured GUW signals. The use of 405 

the same type of sensors can also be extended to structural integrity evaluation of FRPs 406 

when the composites are in service, as proven by the experimental validation. 407 
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Figures 530 

 531 

 532 

Fig. 1. DSC curves of prepregs at the heating rate of 1.0, 1.5, 2.0, 3.0, and 4.5 K/min, 533 

respectively. 534 

 535 

 536 

 537 

 538 

Fig. 2. (a) Kissinger plot for determining E and lnA; and (b) plot of 
( )

( )
E

RT
d t

y e
dt


   versus 539 

cure degree ( ( )t ) at different  . 540 
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 541 

 542 

 543 

Fig. 3. (a) Cure rate (
( )d t

dt


) versus cure temperature; and (b) cure degree ( ( )t ) versus 544 

cure temperature at different   (solid line: Sesták–Berggren model-predicted results; 545 

symbol: experimental results). 546 
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 547 

 548 

Fig. 4. Photograph of fabricated nanocomposite sensors, with a sensor wrapped on a thin 549 

rod (diameter: 8 mm) showing good flexibility of the sensor. 550 

 551 

 552 

 553 

 554 

Fig. 5. SEM images of (a) an individual sensor, from which the thickness of sensor 555 

including its wires is measured to be ~45 μm); and (b) GNPs/PVP structure of the sensor. 556 
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 557 

 558 

Fig. 6. Cross-sectional view of a FRP laminate with an implanted sensor including its 559 

CNT-film-made wires. 560 

 561 

 562 

 563 

 564 

Fig. 7. Experimental set-up of GUW-based cure monitoring. 565 
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 566 

 567 

Fig. 8. Representative GUW signals captured by a pre-implanted sensor, along with wave 568 

energy envelopes, at different cure temperatures with the heating rate of 1.5 K/min. 569 

 570 

 571 

 572 

Fig. 9. Group velocity of S0 wave mode at different cure temperatures, corresponding to 573 

different cure degrees. 574 
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575 

 576 

 577 

Fig. 10. (a) Measured Cg of GUWs versus cure degree of matrix; and (b) Eq. (10)-578 

predicted correlation between cure degree of matrix and Cg of S0 wave mode, compared 579 

with experimental results. 580 

 581 
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 582 

 583 

 584 

Fig. 11. (a) Group velocity of S0 wave mode after gel point of matrix (at the heating rate of 585 

2 K/min); and (b) comparison of Cg measured in normal and abnormal cure areas (solid 586 

line: Sesták–Berggren model and Eq. (10)-predicted results; symbol: experimental results). 587 

 588 
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589 

 590 

 591 

 592 

Fig. 12. (a, b) Representative raw and filtered AE signals acquired with S3 and S5; and (c) 593 

comparison between the real impact spot and the identified spot. 594 

 595 

 596 

 597 

 598 

 599 

 600 

 601 

 602 

 603 
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Table 604 

Table 1. Determined parameters in Sesták–Berggren autocatalytic kinetic model. 605 

E [kJ/mol] lnA [ln(min-1)] m n 

86.26 24.87 0.60 1.43 

 606 




