FLEXIBLE PIEZOELECTRIC NANO-SENSOR FOR INFRASTRUCTURE
SENSING

by
Guangshuai Han

A Thesis
Submitted to the Faculty of Purdue University

In Partial Fulfillment of the Requirements for the degree of
Master of Science in Civil Engineering

0€ C"\),

A=%
o

¥

@’)t

Lyles School of Civil Engineering

N
o¥

West Lafayette, Indiana
May 2021



THE PURDUE UNIVERSITY GRADUATE SCHOOL
STATEMENT OF COMMITTEE APPROVAL

Dr. Na Lu, Chair

School of Civil Engineering

Dr. Pablo Zavattieri

School of Civil Engineering

Dr. Tyler Tallman
School of Aeronautics and Astronautics

Approved by:
Dr. Dulcy M. Abraham



Dedicated to knowledge and exploration.



ACKNOWLEDGMENTS

Firstly, I would like to express my greatest appreciation to my advisor, Dr. Luna Lu, who
has given me the continuous support and guidance thought my graduation education. Her wisdom
and enthusiasm constantly excite me to dig in my research. The interaction with Dr. Lu also make
my life in Purdue enjoyable. | also want to extend my appreciation to Dr. Zavattieri and Dr.
Tallman for taking the time to review my thesis exam and provide valuable comments and advice.

In addition, 1 would like to acknowledge my colleagues from my Luna group for their
wonderful collaboration. I would particularly like to single out my big bro, my friend, Mr. Yen-
Fang Su. Mr. Su helped me with my research and life without any reservation.

As the type of this thesis is an article-based thesis, I would like to acknowledge the journal
“ES Materials & Manufacturing”, and the journal “Cement and Concrete Research” for their
promptly share my work to public.

Finally, I would like to thank my parents for their everlasting encouragement throughout

my life. It is the best thing that they always have my back.



TABLE OF CONTENTS

LIST OF TABLES . ... oo bbbttt e b seenbenneenre e 7
LIST OF FIGURES ... ..ottt sttt sttt e e b b e b neenbenne e b e 8
N S 1 A O PSSR 10
1. APPROACHES FOR INCREASING THE B-PHASE CONCENTRATION OF
ELECTROSPUN POLYVINYLIDENE FLUORIDE (PVDF) NANOFIBERS ..........ccccceevennien. 11
N 01 1 (! OSSPSR 11
L1 INEFOTUCTION .ottt b ettt b 12
O o LoT AT 0T o1 o oo = 1 R 14
1.2.1  SAMPIES PrePAratiON .....cccveviiieeeierieisieiee ettt sbe s b e nseneens 14
1.2.2  EIECtrOSPINNING PrOCESS .. .cuiivererieeererieintesieessestesessesesseseesesseseesessesessessesessessesessesensesseses 15
1.2.3 Characterization of the SAMPIES........ccciiiiiiiiiiii s 16

1.3 RESUILS @Nd QISCUSSION ....viiiiiiiieiiieieie sttt ettt n e 17
1.3.1 FTIR results of PVDF NAaNOFIDEIS ......cccciviiiiereisece e 17
1.3.2  Morphology 0f PVDF NaNOTIDEIS ........ccoiiiiiiiieeisee s 18
1.3.3  Fiber distribution PVDF/ZNO nanofibers ..o 18

I S 70 0 od (U1 (o] o OSSOSO 21
1.5 ACKNOWIEAGMENT ...t 22
T =] (=] =10 Tod - SRR 22

2. IN-SITU RHEOLOGICAL PROPERTIES MONITORING OF CEMENTITIOUS
MATERIALS THROUGH THE PIEZOELECTRIC-BASED ELECTROMECHANICAL

IMPEDANCE (EMI) APPROACH ...ttt 26
N 01 1 (! OSSPSR 26
/220 A 1o 0o (1 od o] o PSS RSTSRSSRR 27
2.2 Rheological measurement of cementitious materials..........cocoveveveveicncneieiececesesee, 29
2.3 EMI principles and Signal ProCeSSING ......cccviviiiiiiiiiiie e 30
2.4 EXPErimental PrOQrAM ..ottt 32

Ot V- T4 - | 32
24,2 TESEING ottt ettt ettt ettt et et e n et e rerenns 33



2.5 Experimental result and diSCUSSION ..........ciiiiieiiriieiirieerisiee e 34

2.5.1 Elastic modulus & degree of hydration ... 34
2.5.2 EMI Sensing PErfOrMANCE ........ccciviiiieieieieiese ettt 36
FZL G o 3 To] 11151 T o SRS 41
A B =] (=Yoo OSSPSR 42
3. PIEZOELECTRIC NANO-SENSOR FOR INFRASTRUCTURE SENSING ..........ccoenenee. 46
N 0 (o! OSSOSO 46
K200 A 1011 oo 1o 1 oo SO 47
3.2 EXPerimental PrOgram .....coocoieeiiesieiee sttt sttt bbb bbb e sbe b nnenrenne s 48
321 MIALEITAIS ...ttt ne s 48
3.2.2  EICCIrOSPINNING ...oveieeiiieiisieieies ettt sttt e e be e eneneeneas 48
3.2.3 Piezoelectric nano-sensor fabriCatioN..........c.ccoeiieiiiieiineneeee e 49
3.2.4  nano-sensor for Strength SENSING.......cocuvirererererere s 50
3.2.5 Piezoelectric nano-sensor for damage deteCtion...........ccooeerrieenineenneenseeeen, 51
3.3 Materials and device CharaCteriZation.........ccccooveivreririiieiese e 52
3.4 Piezoelectric SENSiNG PErfOrMANCE .......cceiiiieiieierieiere e 55
3.5 CONCIUSION .. bbbt bt bt b ettt b e 57
3.6 RETEIEICE ...ttt ettt ne et et ne e e nnes 57



LIST OF TABLES

Table 1 ZnO/PVDF nanofiber MiX deSIGN .......ccoieiriiinieiie e 15
Table 2 EIeCtroSpinning PArAMELETS ........ceiivrieiririeirieiesest ettt 15

Table 3 overall sensing performance of the cement paste sample with different water to cement
211 0TSRRI 56



LIST OF FIGURES

Figure 1 Schematic of the electroSpPiNNING PrOCESS ........cccoiririiieiiriiiee e 16
Figure 2 FTIR spectrum and -phase concentration for different PVDF nano-fiber ..................... 17

Figure 3 (a) SEM images for high molecular weight PVDF/ZnO nanofibers (HW-ZnO); (b) SEM
images for low molecular weight PVDF/ZnO nanofibers (LW-ZnO); (c¢) EDX Zinc atom
distribution for high molecular weight PVDF/ZnO nanofibers (HW-ZnO); (d) EDX Zinc atom
distribution for low molecular weight PVDF/ZnO nanofibers (LW-ZNO); .....cccoovvevnviennceniins 19

Figure 4 (a) SEM images for high molecular weight PVDF nanofibers (HW); (b) SEM images for
high molecular weight PVDF/ZnO nanofibers (HW-ZnO); (c) fiber diameter distribution
(0701001 072 L 1T o TR SR 20

Figure 5 (a) SEM images for low molecular weight PVVDF nanofibers (LW); (b) SEM images for
low molecular weight PVDF/ZnO nanofibers (LW-ZnO); (c) fiber diameter distribution

(070] 1o U <o o R 21
Figure 6 Kelvin-Voigt MOGE ..o 30
Figure 7 One-dimension model for piezoelectric sensor-driven structural dynamic system......... 31
Figure 8 Cement pastes with different W/C ratios. a) Elastic modulus results; b) Calorimetric
TESUIES. .ttt bbb bbb b bR R R R R e R bR e b bRt b e na s 35
Figure 9 Cement pastes with different curing temperatures. a) Elastic modulus results; b)
CalOTTMELIIC TESUILS. ...ttt ettt se e e e te e eneneenennes 36
Figure 10 EMI spectrum of the sensor embedded in the cement paste with different W/C .......... 37
Figure 11 Linear correlation fitting between elastic modulus with EMI-RMSD index................. 38
Figure 12 Sensing performance of the sensor embedded in the cement paste with different curing
LEST 0T 0 1=] LN OO PP PPTR PRSP 40
Figure 13 The contact design of the piezoelectric NAN0-SENSON ..........ccoeererirerrere e 49
Figure 14 (a) Cement paste sample with embedded piezoelectric nano-sensor. (b) Keysight
E4990A iMpPedance @NalYZEr. ..o e 50
Figure 15 the schematic of the damage detection experimental SEtup .........ccccvvvvvivvieiieiieiieniesennenn, 51

Figure 16 SEM images of electrospun PVDF nanofiber with different precursor solution (a) 8%,
(D) 10%, (C) 1290, (d) LAY, ...ceieeeeeeeeeeeeeee ettt sttt ettt nenaenes 52

Figure 17 Nano-fiber’s diameter distribution of electrospun PVDF nanofiber with different
Q1 EToI o] 1o [V £ o o ISP 53

Figure 18 (a) FTIR spectrum of the electrospun PVDF nanofiber with 10% PVDF precursor
solution; (b) The relationship between the precursor viscosity & the Beta phase concentration ..54



Figure 19 Voltage output measurement of the piezoelectric NaN0-SENSOr .........ccccvvveieiieieiiennan, 54

Figure 20 (a) the conductance spectrum of the embedded piezoelectric nano-sensor at different
cement paste curing age; (b) The linear regression Linear correlation fitting between elastic
modulus with EMI-RMSD index; (c) the capacitance spectrum of the embedded piezoelectric
nano-sensor at different cement paste curing age; (d) The linear regression Linear correlation
fitting between elastic modulus with average capacitanCe; .........cocevvevievererierienesesesesesese e 55

Figure 21 the stress-time curve and voltage output curve of the samples tested under compression
[0 T SRRSO PRSPPSO 56



ABSTRACT

Piezoelectric sensors have been widely used in the field of infrastructure sensing. However,
the materials used for piezoelectric sensor fabrication are dominated by ceramic materials, which
has the shortcoming of intrinsic brittleness. Therefore, the application of the piezoelectric sensors
is limited to the condition with tiny strain levels. This study set out to develop a piezoelectric nano-
sensor with good piezoelectricity and flexibility to address the current bottleneck of piezoelectric-
based infrastructure sensing.

The experiment program starts from the polymer-based piezoelectric materials, PVDF
(Polyvinylidene fluoride or polyvinylidene difluoride) nanofiber, synthesis by using
electrospinning process. The materials characterization results reveal the correlation within the
materials synthesis methods, nanostructure, and material properties. The materials synthesis
techniques for nanostructure control and improve piezoelectric performance are presented in this
dissertation. The piezoelectric nano-sensor was fabricated by using an ink-jet printing process.
This study further utilized the COMSOL Multiphysics simulation to guide the piezoelectric nano-
sensor packaging design from the perspective of energy dissipation. The optimized piezoelectric
nano-sensor was then used for civil engineering materials strength sensing and damage detection.
The electric response from the piezoelectric nano-sensor is sensitive to the mechanical strength of
the sensing structure. The piezoelectric nano-sensor's voltage output can also be a good indicator
for damage detection at a decent strain level. A natural progression of this work is to explore the
roll-to-roll manufacturing methods for large-scale piezoelectric nano-sensor fabrication. As part
of the infrastructure component, the piezoelectric nano-sensor is effective for the mechanical
property evaluation and preliminary damage assessment. Moreover, incorporating the artificial
intelligence-guided signal process, the piezoelectric nano-sensor could better understand the

condition of the infrastructure.
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1. APPROACHES FOR INCREASING THE B-PHASE
CONCENTRATION OF ELECTROSPUN POLYVINYLIDENE
FLUORIDE (PVDF) NANOFIBERS

Guangshuai Han?, Yen-Fang Su?, Yining Feng?, Na Lu?P¢*
aLyles School of Civil Engineering, Sustainable Materials and Renewable Technology (SMART)
Lab, Purdue University, Unite States
School of Materials Engineering, Purdue University. Unite States
°Center for intelligent infrastructure, Purdue University. Unite States

Abstract

The electrospun PVDF has gained many attentions due to its excellent piezoelectricity,
high flexibility, and low-cost. This study aims to develop the electrospun PVDF nanofibers with
high B-phase concentration and piezoelectricity. The samples were prepared by the PVDF solution
with different molecular weights. The earth abundant Zinc Oxide nanoparticles serve as the
inorganic dopant to increase the polarization of the PVDF film during manufacturing process. The
materials characterization methods, including Scanning Electron Microscopy, Energy Dispersive
X-Ray, and Fourier-transform infrared spectroscopy were utilized to identify the material
properties. The results indicate that the high molecular weight PVDF is favorable for
electrospinning to obtain the high quality nanofibers. Furthermore, doping Zinc Oxide

nanoparticles can effectively promote the polarization of electrospun PVDF nanofibers.

Keywords: PVDF, ZnO, Nanofiber, Electrospinning, diameter distribution, piezoelectric
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1.1 Introduction

Piezoelectric materials have been widely used as actuators, sensors, transducers[1-4], and

also energy harvester[5-7] due to their unique mechanical-electrical coupling properties. It was
first discovered by Pierre Curie in 1880. In principle, as mechanical stress is applied to a
piezoelectric material, an electrical charge appears, and vice versa due to electromechanical
coupling effect. There are various types of piezoelectric materials, including ceramics, polymers,
even biological matter. Among the piezoelectric materials, piezoelectric polymers have gained
more attentions due to high flexibility and the potential wide range applications.
Polyvinylidene fluoride (PVDF) is the polymer-based piezoelectric materials which have attracted
much interests for energy harvesting applications due to the elastic properties. It can be applied in
various fields such as aerospace, civil infrastructure, and biomedical engineering, etc. The
molecular structure of PVDF consists of a repetition of a monomer vinylidene fluoride unit
(—CH2CF2—)n. Among four semi-crystalline polymorphs of PVED (a, B, v, and 8 crystalline phases),
the highly polarized [3-phase of PVDF has desired electroactive properties, which is favorable for
energy harvesting and sensing. The polymer chains of the B-phase (in the unit cell) are arranged in
away that all the dipoles are parallel between each other, leading to a net dipole moment. Therefore,
the studies on B-phase enhancement in PVDF nanofibers is of vital importance for piezoelectric
applications.

The post-processes, such as mechanical stretching and corona poling, are the comment
treatment to improve the B-phase content of PVDF. The stretching and corona poling process
proposed by T Kaur et al. [8] have obtained the piezoelectric constant dz; ~60 pC/N at 30°C. A.
Salimi et al. [9] suggested that stretching process can significantly improve the piezoelectric
properties due to the uniform dipole moment by the orient beta phase crystals. Sencadas et al. [10]
proposed using the high-temperature pressing method to eliminate the porosity of PVDF film. The
results of crystallization show that this method can decrease the porosity and further improve the
B-phase content of PVDF.

The electrospinning synthesis process, on the other hand, is a popular method for
generating -phase PVDF nanofibers without any post-treatment [5, 9, 11-15]. Instead of the post
mechanical stretching and electrical poling, the dipoles spontaneously aligned in the electrospun
nanofibers through the strong applied voltage and stretching force of the electrospinning process.

The randomly oriented dipoles of a-phase will transform into B-phase which is favorable for
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piezoelectric materials. Zhao et al. [11] compared the properties of electrospun PVDF with various
acetone amount and DMF ratio. It has found that polymer concentration and DMF/acetone ratio
were the main parameters that affected the morphology of PVDF film. Zheng et al. [16] discussed
the polymorphism control of electrospun PVDF. Through adjusted the parameters such as
decreasing electrospinning temperature, lower the feeding rate, and shorten the tip-to-collector
distance, the B-phase of PVDF can be enhanced. Gafari et al. [15] developed a model from the
experiments to predict the surface morphology and properties of PVDF nanofibers. They found
that the parameters of the electrospinning process can be numerically optimized.

The PVDF film can be used as a nanogenerator for energy harvesting. The electrospun
PVDF nanogenerators were found to have a high energy conversion efficiency of 5 - 2000 mV [5,
6] and the electrical output depended on the applied force and frequency. The electrospun flexible
PVDF thin film has shown the potential to harvest the mechanical force under high strain
conditions.

Wang et al.[12] fabricated the flexible electrospun PVDF force sensor with high sensitivity
of 42 mV/N. Ghafari and Lu [4] synthesized the self-polarized electrospun PVDF sensor. They
found that the PVDF device can efficiently detect the transmitted acoustic wave at the frequency
range from 1 to 100 kHz.

Besides, the oxide particles such as zine oxide (ZnO) [17-28] and graphene oxide [29-35]
are commonly used to improve the properties of nanomaterials including PVDF nanofibers.
Among the oxides, ZnO has drawn great interest for decades owing to the versatility,
environmentally friendly, earth abundancy, and excellent electrical properties. Moreover, ZnO has
intrinsic wurtzite crystal structure which gives very good piezoelectric properties. Loh et al.[25]
investigated the performance of ZnO nanoparticle-polyelectrolyte thin film with different ZnO
weight fractions. They suggested that 50% and 60% ZnO polymer films display comparable
piezoelectric properties without mechanical stretching and high-voltage poling. Ghafari et al.[23]
explored the synthesis of 1D ZnO nanofibers using the sol-gel approach and electrospinning
process. A parametric study on the effects of annealing temperature, annealing time, and the effect
of polymer concentration were conducted while maintaining the constant electrospinning
parameters such as voltage and distance between syringe and collector plate. It was found that the
higher polymer concentrations produced, the larger diameter ZnO fibers; whereas higher annealing

temperatures produced lower diameter fibers. Di Mauro et al.[36] investigated the synthesis of

13



ZnO nanofibers by electrospinning of a solution containing ZnO precursor, polyvinylpyrrolidone,
and solvent. He further studied the effects of annealing temperatures and change in concentration
on the electrospinning process and found that a change in concentration produced an effect on the
morphology of the obtained ZnO nanofibers. Devi et al. [26] discussed the material properties of
solvent casted PVDF-ZnO hybrid film. The results suggested that the ZnO has positive influence
on electric and electronic properties of PVDF-ZnO composites. The stability of dispersion of
particles was enhanced through surface grafting. Bafqi et al.[27] electrospun the PVDF-ZnO fibers
for characterization. It has found that the film with 15 wt% ZnO can generate the output voltage
up to 1.1V, which is potential for self-powered wearable devices. Dodds et al.[28] enhanced the
spin coated PVDF copolymer film with ZnO nanoparticles. The results indicated that the ZnO
concentration has notable effects on remnant polarization of PVDF-ZnO film. The piezoelectric
ZnO nanoparticles are indeed improved the piezoelectricity of PVDF.

Owing to the excellent flexibility and process simplicity of electrospun PVDF, this study
is particularly interested in synthesis PVDF nanofibers via electrospinning. Built on the knowledge
of previous literatures, it has known that the parameters of electrospinning procedure and solvent
concentration affect the properties of PVDF film. However, none of the studies discussed the
characters of electrospun PVDF synthesized from raw PVDF ingredients with different molecular
weights. Moreover, the ZnO doped PVDF nanofibers are discussed. The morphology was observed
through Scanning Electron Microscopy (SEM), and the material properties were characterized

using Energy Dispersive X-Ray (EDX) and Fourier-transform infrared spectroscopy (FTIR).

Finally, the relationship between the PVDF parameters and 3-phase crystalline was discussed.

1.2 Experiment program

1.2.1 Samples preparation

The PVDF precursor solutions were prepared by mixing the solid-state PVDF with the
organic solvent. The ratio of Dimethyl sulfoxide (DMSO, Sigma-Aldrich 99.5%) and acetone
(Sigma-Aldrich, 99.75%) was 7:3 for the solvent. Two types of PVDF with different molecular
weights were used, including PVDF pellets (Mw=275,000, Sigma-Aldrich) and PVDF powder
( Mw=534,000, Sigma-Aldrich) for comparison. To obtain high B-phase concentration and
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enhanced the piezoelectricity, Zinc oxide nanoparticles (ZnO, US research Nanomaterials. Inc.,
diameter from 10 nm to 30 nm) was added into the PVDF precursors for electrospinning. Table 1

demonstrates the mix design for the ZnO/PVDF nanofibers.

Table 1 ZnO/PVDF nanofiber mix design

Sample PVDF molecular weight PVDF concentration ZnO concentration
HW 534,000 14% 0%
HW-ZnO 534,000 14% 1%
LW 275,000 14% 0%
LW-ZnO 275,000 14% 1%

1.2.2 Electrospinning process

Electrospinning is a manufacturing method that can be used to synthesize nanofiber by
applying electrostatic force to draw charged threads of polymer solutions. The electrospinning
device consists of a high-voltage power source, syringe, needle and a grounded rotating collector.
Figure 1 shows the set-up of the electrospinning. The prepared solution is loaded into the syringe
with a needle attached. The electrical potential is applied to the needle to eject the polymer at the
desired flow rate. Due to the applying of high voltage, the electrostatic force overcomes the surface
tension of the polymer solution at the tip of the needle and forms a Taylor cone, which further
elongates into a fluid jet. A rotating drum collects the fluid jetted fiber. The whipping motion of
the polymer jet that appears between the needle and the collector allows the solvent to evaporate
and remains the thin polymer film on the collector. The diameters of fibers range from the nano to
the micron scale, depending on the processing parameters. Table 2 shows the parameters of the

electrospinning process used by this study.

Table 2 Electrospinning parameters
Voltage Distance between needle and collector Flow rate Needle
15 kV 10cm 2 mi/h No. 21
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Figure 1 Schematic of the electrospinning process

1.2.3 Characterization of the samples

FTIR (PerkinEImer Spectrum 100 FTIR) spectra were employed to determine the B-phase
concentration of the samples by the Spectrometer. Through FTIR analysis, molecular structure and

the chemical bonding of undetermined material will be provided. Previous literature has explicated

the peak locations of o and B phase PVDF on FTIR spectra [37]. The peak locations of o phase

PVDF are shown at the wavelength of 531, 614, 766, 796, 870, and 970 cm™. On the other hand,

the 3 phase PVDF is presented at 440, 470, 510, 840, and 1280 cm™. In this study, the sweeping

wave numbers are range from 700 cm to 1600cm-! since the wavenumber peaks of interests are
766 cm (o phase) and 840 cm™ (B phase). The resolution for the FTIR measurement is 2 cm™™.

SEM (FEI Nove Nano-SEM) images were used to investigate the morphology of the nanofibers.
The samples were sputter-coated by platinum. The obtained SEM images were further post-
processed by the ImageJ software. EDX characterization was also used to identify the ZnO on the

nanofibers.
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1.3 Results and discussion

1.3.1 FTIR results of PVDF nanofibers

FTIR is an excellent tool to quantify the 3-phase concentration of the PVDF nanofibers.
According to the Lambert-Beer law, the relative concentration of the B-phase in a sample can be
calculated by the equation below:

_ Ag
P (Kg/Kqy)Aq + Ag 1)

where Fj is the calculated p-phase concentration; A, and Ag is the absorbance at 766 cm and 840
cm?; Kp and K, is the absorption coefficients correspondingly.

Figure 2 shows the FTIR spectra and the calculated the B-phase concentration of the
prepared samples. The distinct peak at 840 cm indicates that the electrospinning generates
abundant p-phase PVDF. As for the PVDF nanofibers without ZnO, the high molecular weight
PVDF nanofibers have higher p-phase concentrations than the nanofibers prepared by the low
molecular weight PVDF. The FTIR results also indicate that adding ZnO nanoparticles increases
the B-phase concentration of the PVDF nanofibers. The following SEM images were used to

discuss this in details.
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Figure 2 FTIR spectrum and [3-phase concentration for different PVDF nano-fiber
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1.3.2 Morphology of PVDF nanofibers

The PVDF nanofibers’ diameters and beads formation are critical to the samples’
performance. Figure 3 demonstrates the morphology of the PVDF/ZnO nanofibers. Based on the
EDX results shown in Figure 3 (¢) and (d), the ZnO nanoparticles uniformly distribute on the
nanofibers. Therefore, preparing the uniform precursor solution mixed with ZnO is a feasible
approach to dope ZnO nanoparticles with PVDF nanofibers. Figure 3 (a) and (b) compare the
PVDF nanofibers prepared by PVDF with different molecular weights. The SEM image (on the
right) for the low molecular weight PVDF nanofibers displays plenty of beads. Conversely, there
are no beads in the SEM image (on the left) for the high molecular weight PVDF. The different
beads formation behavior has a good agreement with the FTIR results, which PVDF nanofibers
prepared by the high molecular PVDF can generate more B-phase. The molecular weight of the
PVDF affects the electrospinning process by changing the viscosity of the precursor solution [38].
The product from high molecular PVDF usually has a denser structure and better mechanical
performance [39, 40]. The high molecular PVDF powder is more suitable to perform the

electrospinning process for high quality of PVDF nanofibers.

1.3.3 Fiber distribution PVVDF/ZnO nanofibers

This section conducts the advanced analysis of the SEM images of the PVDF nanofibers.
Figure 4 compares the high molecular weight PVDF nanofibers with and without ZnO. ImageJ
software was utilized to perform the fiber diameter analysis. As shown in Figure 4, before adding
ZnO nanoparticles, the PVDF nanofibers’ diameter mainly distribute in the range from 150 nm to
200 nm. However, the fibers diameter of PVDF nanofibers with the ZnO nanoparticles tend to
cluster in the range below 100 nm. The reason is that the ZnO can help the precursor solution carry
more electric charges. Thus, the electric field between the needle and rotating collector can apply
more electrostatic force on the ejecting solution, which is preferable to stretch the fiber during the
electrospinning process. The electrospun PVDF fibers then have more polarization at the same

time. Therefore, adding ZnO nanoparticles can increase the B-phase of the PVDF nanofibers.
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Figure 3 (a) SEM images for high molecular weight PVDF/ZnO nanofibers (HW-ZnO); (b) SEM
images for low molecular weight PVDF/ZnO nanofibers (LW-ZnO); (c) EDX Zinc atom
distribution for high molecular weight PVDF/ZnO nanofibers (HW-ZnO); (d) EDX Zinc atom
distribution for low molecular weight PVDF/ZnO nanofibers (LW-ZnO);

Similarly, Figure 5 compares the low molecular weight PVDF nanofibers with and without
ZnO nanoparticles. A finer fiber distribution is observed when adding the ZnO nanoparticles in
the PVDF nanofibers. This observation meets the abovementioned findings. The FTIR result has

also verified the higher polarization of the PVDF/ZnO nanofibers.
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Figure 4 (a) SEM images for high molecular weight PVDF nanofibers (HW); (b) SEM images
for high molecular weight PVDF/ZnO nanofibers (HW-ZnO); (c) fiber diameter distribution
comparison.
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Figure 5 (@) SEM images for low molecular weight PVDF nanofibers (LW); (b) SEM images for
low molecular weight PVDF/ZnO nanofibers (LW-ZnO); (c) fiber diameter distribution
comparison.

1.4 Conclusion

A systematic study on enhancement of B-phase of electrospun PVDF nanofibers by
different molecular weights of PVDF solution and addition of ZnO nanoparticle has been
conducted and discussed. Through the obtained results, this study made a series of conclusion as
follow. The electrospinning process can generate PVDF nanofibers with high pB-phase

concentration. Compare with the low molecular weight PVDF, the high molecular PVDF solution
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is favorable the electrospinning since the high molecular PVVDF nanofibers have fewer beads.
Incorporation of ZnO nanoparticles can effectively increase the polarization of the electrospun
PVDF nanofibers by carrying more electric charges. This process also decreases the fibers’ sizes
and increases the B-phase concentration of the PVDF nanofibers. In conclusion, the combination
of the high molecular weight PVDF powders and ZnO nanoparticles has the strong potential to

fabricate the high-quality materials for the piezoelectric device.
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Abstract

More attention has focused on the elastic properties of fresh state cement-based materials
due to the emergence of additive manufacturing techniques. Without the support of the
conventional formworks, the shaping of the additive manufactured concrete structure mostly
depends on the rheological properties of the fresh materials. Even though the fresh state
cementitious materials' rheological properties can be well characterized by using a rheometer, no
previous study has investigated the effective and reliable real-time monitoring methods for in-situ
rheological properties monitoring. This paper attempts to investigate the feasibility of using the
piezoelectric-based electromechanical impedance (EMI) method to fill this gap. The EMI tests and
the rheological test was performed simultaneously. The calculated sensing index from EMI signals
displays an excellent linear correlation with the results from the rheometer. The findings from this
study proved that the EMI method is promising for in-situ monitoring of the fresh state

cementitious materials’ rheological properties.

Keywords: Piezoelectric, Additive manufacturing, Cementitious materials, Rheology.

26



2.1 Introduction

The cement paste is the (thixotropic) yield stress fluid at its fresh state [1], in other words,
it acts as a solid-like material if the applied shear stress is lower than its yield stress. It has been
reported that the fresh cementitious material can exhibit the elastic modulus as short as a few
seconds after the mixing. The very early age rheological parameter and elastic modulus are very
important properties for enabling many emerging technologies such as three-dimensional (3D)
concrete printing technology.

3D concrete printing is an additive manufacturing technology by using concrete or mortar

astheink [2]. The fresh concrete/mortar is pumped and extruded through the nozzle and deposited
layer by layer without the presence of formwork. N. Roussel [3] examined the rheological
requirements for printable concretes and pointed out the importance of the elastic modulus to
control the layer geometry and avoid buckling failure. It is known that some viscosity modifying
agents can significantly reduce the elastic modulus of fresh state cementitious materials [4],
leading to excessive deformation upon deposition, which can reach up to a few tens of centimeters
for a two-meter printed wall [3]. Also, the elastic buckling failure of a freshly printed slender
vertical structure has been reported in recent papers [5-7], which illustrates that the elastic modulus
has to stay higher than a critical value to avoid the loss of stability.
It remains a significant challenge to accurately measure the real-time elastic modulus for the in-
situ 3D concrete printing projects. Some research groups utilized the high-end rheometer to apply
small-amplitude oscillation for the measurement of the elastic modulus of fresh paste, and it
increases the budget for research and industrial application. The measurements obtained from
different rheometers are likely different for the same material due to errors that come from the
calibration [8]. Most importantly, the laboratory measurement may not reflect the “real” elastic
modulus of the printed structure, especially given that the rheological properties of the cement
paste vary from batch to batch, and the uncertainty can be of order 25% even the pastes have the
same composition [5]. Thus, it is critical to develop an in-situ and reliable method to monitor the
elastic modulus of 3D printed concrete.

The piezoelectric sensor-based electromechanical impedance (EMI) method has proven its
feasibility and effectiveness for monitoring the mechanical information of structures[9-12]. It can
also be used to detect the structural damage condition and monitor the in-situ mechanical

properties of concrete. Owing to its high sensitivity and its direct and inverse piezometric principle,

27



the piezoelectric sensor can act as both sensor and actuator to capture the properties changes inside
the structures. Su et al. have researched monitoring the mechanical properties of cement mortar at
its very early age (4-8 hrs). The EMI results from their studies shown that the compressive strength
and elastic modulus of cement mortar have high correlations with the EMI spectrum[13-15]. Tawie
et al. [16] monitored the bonding development between steel rebar and concrete. It has been found
that the conductance spectrum can be used to measure the change of the gradual adhesion between
rebar and fresh concrete. Providakis et al. [17] used the reusable piezoelectric transducer to monitor
the initial hydration states of concrete. Their results showed that the statistical indices are sensitive
to concrete strength development. Narayanan et al. [18] found that the frequency shift and
magnitude of the EMI results can well be correlated with material stiffness changes over time.
Visalakshi et al. [19] carried out the study of using the non-dimensional parameters to track the
hydration of concrete. The results indicated that the refined structural impedance parameter could
eliminate the PZT contribution of hydration monitoring of concrete. Thus, the EMI method has
shown its reliability for monitoring the hydration of the concrete.

Most of the studies in the piezoelectric materials-based EMI method have focused on
monitoring the hydration and strength gain of the cementitious materials. There is a gap in
exploring the potential of the EMI method for monitoring the rheological properties of
cementitious materials. The merit of the EMI method, such as accurate, low-cost, and
instantaneous, could provide great promises to evaluate the 3-D printed concrete structure’s
rheological properties. To fill this knowledge gap, this study served as the pilot research to examine
the feasibility of using the EMI sensing method to address real-time monitoring of the rheology of
cement paste. Although most of the 3D printing projects adopted concrete or mortar as the printing
ink, which includes larger, inert particles compared with the plain paste, the cement paste can be
considered as the active phase in these systems regarding its elastic modulus. The time evolution
of the elastic modulus due to the hydration mechanism and thixotropy rebuilding are primarily
dependent on the paste phase. The EMI signals from the impedance analyzer and the elastic
modulus from the rheometer are tested simultaneously in this study. A linear least square
regression is utilized to determine the accuracy of the EMI sensing results. The feasibility of the
piezoelectric materials-based EMI method for instantaneously monitoring the elastic modulus of

the fresh state cementitious is established.
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2.2 Rheological measurement of cementitious materials

There are more than 100 methods developed to evaluate the rheology and workability of

cementitious materials [20]. According to ACI 238 report [21], the methods can be classified as
single-point tests and multi-point tests. Single point tests refer to the measurement as only standing
for one point on the flow curve such as the slump test. On the other hand, the multi-point tests
collected additional points for the flow curve by changing the shear rate which can constantly
provide the rheological information, such as the rheometer. Another distinction of this method can
be divided into a dynamic and static testing method. For dynamic methods, the instrument would
transmit the energy (vibration, shear force, or jolting) into the concrete. On contrary, the static
methods rely on the spontaneous gravitational force (self-weight) of concrete to flow.
To access the rheological properties of cementitious materials precisely and continuously, the
rotational rheometer is typically used for the measurement. The material is sheared between two
plates during the operation. The rotational speed and torque are recorded. Two types of control
modes can be performed: stress-controlled and rate-controlled. The outcome of the measurement
can be converted to shear rate through rotation speed and shear speed through torque if the
geometry of the sample meets certain criteria. The fresh state cementitious materials have
viscoelastic behavior is generally described as Bingham fluid. As such, the cementitious materials
would behave their solid properties when the applied shear stress t is lower than the yield stress
Ty, and would present their flow properties when 1 is greater than ty.

In the solid regime of viscoelastic materials, the elastic modulus can be measured using a
rotational rheometer with a sufficiently low strain. Another alternative approach for the elastic
modulus measurement is through applying the strain oscillation as equation (1) described. The
stress response t(t) can be measured with the oscillation and be expressed as equation (2) under

the linear regime [22].

y(t) = yysinwt (1)
(t) = G'(ypsinwt) + G"(yycoswt) 2)

Where y, is the amplitude of shear strain, G’ is defined as elastic modulus, and G" is defined as the

viscous modulus.
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To interpret the aforementioned coefficients, we can consider the simplest model for
viscoelastic solid materials, which is the Kelvin-Voigt model as Figure 6 shown. The relationship
between shear stress and strain is described in equation (3). Hence, the modulus G’ and G" is

further expressed as equation (4) and (5).

T= Gy+ ny 3)

G' (Yo, w) =G 4)

G" (Yo, w) =Ny (5)
Gy

il

Figure 6 Kelvin-Voigt model

Build upon the concept of the theory in this session, the proposed EMI method would be
the potential approach to identify the rheological properties of cement paste. This research
compared the results of the commercially available rheometer with the EMI method, which both

of these two methods are multi-point dynamic testing approach.

2.3 EMI principles and signal processing

The purpose of the EMI method is original to be developed for identifying the structural
response subjected to the applied force. To be more specific, the response mechanical impedance
of the structural system is defined as the ratio of the applied sinusoidal driving force to the
consequential velocity. Liang et al. [9] developed the one-dimension model to describe the
mathematical relationship between the host structure and sensor, as Figure 7 shows. A sinusoidal
alternative current (AC) is applied to the sensor, which generates vibration (continuous small
deformation) and transferred to the attached structure. The response of the local area is bounced
back to the sensor in the form of electrical signals. Any changes in structures can be described as

the combination of mass (M), spring (K), and damper (C) as shown in the model below.
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Figure 7 One-dimension model for piezoelectric sensor-driven structural dynamic system

Three parts govern the dynamic interaction between sensor and host structure, including
(a) piezoelectric constitutive relation of the sensor, (b) equation of motion (EOM) for host structure
and piezoelectric sensor, and (c) equilibrium and compatibility conditions of the host structure. In
the EMI technique, the driving force (axisymmetric vibrations) is generated by the PZT sensor,
which can be expressed as piezoelectric strain-charge form constitutive relation of the sensor as

equation (6) and (7) shown.

S = ! +d"E
g (6)
D =dT + &E ()

where S is the strain tensor of PZT; T is the stress tensor; Cy is the elasticity matrix; d” is the strain
per unit field at constant stress; E is the applied electric field; d is the electric displacement per
unit stress at the constant electric field; D is the electric displacement tensor; & represents the

dielectric constant. Then, the EOM for the vibrating sensor can be expressed as equation (8).

0%u _yE 0%u (8)
Pac2 Dx?

Where u is the axial displacement at any point in the sensor patch, p is the material density. Y is
Young’s Modulus.

Lastly, considering the equilibrium and compatibility conditions of the host structure, the
electrical admittance (Y, reciprocal of impedance) of the piezoelectric sensor can be expressed as

the equation (9) below electromechanical coupling between the host structure and the sensor.
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Where the admittance is a function of conductance (G), susceptance (B) with its imaginary unit
(j), angular frequency of excitation (w), PZT sensor dimension (w, [, and h — width, length, and
height), electrical permittivity (e33), piezoelectric coefficient (d;;), Poisson’s ratio (v), and
wavenumber (k). Except for Y, G, Z,, and Z,, all variables are a material property.

This work adopted the admittance signals of the piezoelectric sensor, which is able to reflect the
mechanical information of the host structure, to monitor the rheology property of the very early
age cementitious materials. The cumulative Root Means Square Deviation (RMSD) matrix, which
has been proved as an efficient index to monitor cementitious strength gain in practical
implementation [23], served as the EMI sensing index to estimate the rheology property of the host
structure. The electromechanical admittance signal changes of the PZT sensor at adjacent ages
indicated the gradational development of elastic modulus. Hence, the value between each adjacent

EMI measurement can be calculated using equation (10).

: \[Zlf(yk - Yk—1)2 (10)

Cumulative RMSD (k) (% :z
0D =, [*5rm

where Y}, is the signal at curing age k, Y,_; is the adjacent signal of Y,., and N is the total number
of collected data points of each signal. For example, the 20" minutes RMSD value calculates the
difference of the EMI spectrum between the 10" minutes (the adjacent measurement) and 20™

minutes, and so forth. Then, each value is accumulated.

2.4  Experimental program

2.4.1 Materials

Aiming to investigate the proposed rheological sensing method, two parts of experiments,

namely varied mix design tests, and varied curing temperature tests were designed to evaluate its
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sensing performance of the fresh state cementations materials with different mix design curing
temperatures. Type I cement with water was used to prepare the cement paste. To evaluate the
sensing behavior on the samples with different mix designs, the water to cement ratio varied from
0.3 to 0.6. The water to cement ratio was fixed at 0.45 when the curing temperature was varied.
All the samples were prepared by hand mixing for 3 minutes due to the relatively low demand for
materials. The prepared samples were then used for both the EMI test and the rheology test

simultaneously to minimize the variables.

24.2 Testing

2.4.2.1 Sensing (EMI) Test

The prepared samples were poured into a container with a size of 50mm?3 right after the
mixing. The polyester coated sensor, fabricated by the same procedure as ref [24, 25], was then
deployed in the container's center. Each EMI test started 10 minutes after the water was added to
the 160 minutes with 10 minutes interval. During the EMI test, the polyester-coated sensor was
excited with a 500 mV AC voltage, with the frequency range from 5kHz to 1000 kHz. An
impedance analyzer recorded the dynamic electromechanical impedance (EMI) response of the
sensors. The varied mix design test was conducted in a controlled lab environment with a
temperature of 23°C + 2°C. The samples for the varied curing temperature test were tested in a
water bath with a temperature of 20°C, 40°C, and 60°C.

2.4.2.2 Rheology test

A rotational rheometer (Anton Paar MCR 502) with the parallel-plate measuring system
was used to study cement pastes' elastic modulus. The diameter of the parallel plates is 25 mm,
and the gap between the plates was selected as 1.1 mm. The sandpapers were applied to both plates
to mitigate the wall slip effect. A round hood with a soaked sponge ring attached to its rim covered
the parallel-plate measuring system to prevent the evaporation of the cement paste.

The testing program started immediately after loading fresh cement paste into the
rheometer (10 min after water-cement contact). As the cement paste is a thixotropic material whose
rheological properties depends on the shearing history, the pre-shearing at the shearing rate of 100
1/s was first applied for 60 s to ensure that all samples are at a reproducible state at the start of

each test, followed by a rest for another 60 s. A small amplitude oscillatory shear (SAOS)
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measurement was then employed to monitor the evolution of the elastic modulus of cement paste.
Based on our previous experiences, an angular frequency of 1 Hz and a strain value of 10-° were
chosen for the applied strain to measure elastic storage modulus evolution.

The cement paste can be considered as a linear elastic material when the applied strain is within
the range of a few 104[26, 27], and the elastic modulus will drop dramatically, leading to a much
softer material if the paste is stretched beyond the range. In the context of 3D concrete printing,
we can anticipate an excessive deformation up to a few centimeters for a typical 2 m wall, which
is much undesirable for the printed structure, even if the material is still at the solid regime. Thus,

we focus on the elastic modulus under the strain amplitude of 10°°.

2.4.2.3 Calorimetry

The isothermal calorimetry was used to measure the hydration kinetics of the cement pastes.
The cement paste samples were well mixed with the same mixing speed to avoid the difference of
the enthalpy. Five grams of paste were added to a glass ampoule for the measurement. The
ampoules were later loaded into an isothermal calorimeter (TAM Air). The rate of hydration can
be obtained by monitoring the heat flow generated under constant temperature. The testing was

repeated three times and averaged to ensure consistency for each sample group.

2.5 Experimental result and discussion

2.5.1 Elastic modulus & degree of hydration

In this research, we have studied the cement pastes with different W/C ratios and curing
temperatures to elucidate the feasibility of EMI as an alternative for the elastic modulus in-situ
monitoring. To this end, we first measured the elastic modulus by using a rotational rheometer as
a reference group. As shown in Figure 8 (a), the elastic modulus measured by the rotational
rheometer appears to increase roughly linearly during the investigated age (up to 160 min) at
ambient temperature, and the increasing rate accelerates with the increase of W/C ratio. It has been
suggested that the elasticity of the fresh cement originate from the formation of early hydration,
which is primarily calcium silicate hydrate (C-S-H) “bridges” at the contact point between cement
particles [27]. Thus, the increasing rate of elastic modulus is proportional to the quantity of the C-

S-H bridge at the contact point between the flocculated cement network. A. Mostafa et al. [28]
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showed that the quantity of the formed C-S-H at the contact zones is proportional to the rate of
rigidification; therefore, the elastic modulus is related to the hydration kinetics and the number of
contacts between particles in a unit volume of paste. As shown in Figure 8 (b), the early hydration
kinetics of the cement pastes are largely independent of the W/C ratio, which is in good agreement
with other authors [28-30]. However, the neat cement paste with a lower W/C ratio has a higher
collision frequency [28]. Therefore, the cement with a lower W/C ratio shows a higher increasing

rate of elastic modulus, as seen in Figure 8 (a).
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Figure 8 Cement pastes with different W/C ratios. a) Elastic modulus results; b) Calorimetric

results.

The temperature is also a crucial factor that will influence the increasing rate of the elastic
modulus since the higher temperature can increase the collision frequency of the particles [28].
Moreover, the temperature experienced by the printed materials could be much higher than 23 °C
due to the hot weather and heat produced by the cement hydration process in the application of 3D
concrete printing. Thus, the success of monitoring elastic modules development at various
temperatures is another important indicator to evaluate whether EMI can be a good alternative to
rheometer. As shown in Figure 9 (a), the temperature alters the linearity of the elastic modulus
evolution and significantly accelerates its rate, especially at 60 °C; it appears that the elastic
modulus evolves exponentially over time.

As shown in Figure 9 (b), the elevated temperature increases the hydration rate during the
investigated time range, which is in agreement with other works [31, 32]. We also noticed that the

evolution of heat flow and elastic modulus share a similar pattern, which is expected as the solid
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volume fraction is the same among different temperature groups; thus, the hydration kinetics could
be considered as the governing factor in controlling the elastic modulus of the cement paste.
Through the thermally activated process, the hydration products nucleate on the cement powder
surface at a faster rate [31], leading to a faster rate of elastic modulus increase correspondingly.
To sum up, this study measured the elastic modulus development of the cement paste with
different W/C ratio and curing temperature. The results have shown good agreement with other

works, which are good to serve as evaluation criteria of the proposed EMI method.
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Figure 9 Cement pastes with different curing temperatures. a) Elastic modulus results; b)
Calorimetric results.

2.5.2 EMI sensing performance

2.5.2.1 Varied mix design test

The EMI signals of the designed four mixes were measured at each age of interest. Figure
10 plots the admittance (modulus of the reciprocal of the impedance) signals of the sensors which
were embedded in the fresh state cement paste. The changes in the admittance signals of the
piezoelectric sensors are always considered as the mechanical properties’ changes of its host
sample [33-35]. The cement paste samples curing at room temperature are in the initial reaction
stage and have a slow reaction before 160 minutes, mainly resulted from the cement particle
wetting, dissolution, and nucleation [36]. The samples’ rheological properties change due to the
formation of the C-S-H bridges. These changes are reflected by the EMI spectrum of the PZT

sensor change shown in Figure 10 [37].
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Figure 10 EMI spectrum of the sensor embedded in the cement paste with different W/C

To fulfill the mission of rheological property in-situ sensing, the EMI sensing index,
calculated by the method from section 2.3, was employed as an indicator to monitor the samples’
rheological properties. This study adopted the frequency range from 100 kHz to 400 kHz according
to the suggestions [14] from the previous work while post-processing the EMI spectrum data.
Figure 11 shows the correlation result between the EMI sensing index of the testing samples with
corresponding elastic modulus. Twenty points in total were used to determine the correlation
coefficient. The R-square of the sensing behavior for all mixes is above 0.91. This indicates the
proposed sensing set-up with the data processing methods can be used to evaluate the rheological
properties of cementitious with high accuracy.

The main reason for the high correlation between the sensing results from the piezoelectric
sensor and the elastic modulus determined by the rotational rheometer is the similar strain rate
during the measurement. From the discussion in section 2.3, we acknowledge that the applied
strain from the rheometer to the cement paste sample is 10 to 10-°. Similarly, according to the

laser Doppler vibrometer results from the ref [25], the applied strain from the piezoelectric sensor
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is also in the range from 10 to 10°. The small strain is crucial to obtain an accurate elastic
modulus result of the cementitious sample. Thus, the proposed piezoelectric-based method can

well mimic the testing mechanism of the rheometer.
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Figure 11 Linear correlation fitting between elastic modulus with EMI-RMSD index

2.5.2.2 Varied curing temperature test

The same measurement with the same data post-processing was performed on the cement
paste samples with different curing temperatures. Figure 12 (a) to (c) shown the EMI spectrum
change as the cement paste aged under different curing temperatures. The EMI spectrum of the
samples curing at 20°C and 40°C changes in a similar way to the data shown in Figure 11. The
trend of the EMI spectrum changes in the frequency range of interest can be characterized as an
upward shift without a resonant frequency shift. It is worth noting that for the EMI spectrum of
the sample curing at 60°C, a converse downward change with the resonant frequency shift showed

upstarts from 120 minutes to 160 minutes. The downward shift with a resonant frequency shift of
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the EMI spectrum has been reported numerous times by previous studies for using a piezoelectric
sensor to monitor the hardened host structure [38-42].

Moreover, the resonant frequency in the EMI spectrum is one of the most efficient
indicators for monitoring cementitious hydration and strength gaining [43-46]. Therefore, the
different changing pattern of the cement paste curing at 60°C after 120 minutes, which change to
the solid phase earlier than other cement paste samples, results from the accelerated hydration
speed. Differently, this study first reported the unique EMI spectrum changing pattern (Upward
changing without frequency shift) when the piezoelectric sensor interacts with the cement paste in
the semi-liquid phase. In this case, the resonant frequency shift is not able to monitor the elastic
modulus changes at its very early age (before 120 minutes) of the cementitious material. This
observation may support the hypothesis that the resonant frequency change in the EMI spectrum
is the indication of the cementitious samples transit from the semi-liquid phase to the solid phase.
It indicates that the cumulative RMSD is a better option when monitoring the elastic modulus
monitoring at a very early age.

Figure 12 (d) to (f) demonstrates the sensing performance of the EMI sensing index
calculated by the cumulative RMSD. When the cement paste subject to different curing
temperatures, the speed of elastic modulus development will vary in order of magnitude due to the
different hydration speeds (shown in Figure 8 and Figure 9). However, the high R-square and the
identical developing trend between the EMI sensing index with the elastic modulus indicate that

the proposed EMI method can monitor the very early age elastic modulus development.

39



6000000
0.03 f . .
—_ /:{./
2 £ R?=0.98 %I%:/ 4000000 ®
8002} 3 A s
= 2 I/ - 2000000 %
£ ——20 min — 100 min 8 N 2
<001t —— 40 min — 120 min & 2f /y-/ =
——60 min —— 140 min - ;
—380 min 160 min .// |
0 - - : Du 5‘0 1(;0 1;0
100 200 300 400 500 600 Time (Min)
Frequency(kHz)
(a) EMI spectrum of cement paste curing at (d) Sensing index of cement paste curing at
20°C 20°C
0.03 B
0,035 s0 L 4 60000000
025 .
; _mr /.// 4 50000000
Z 002} € e g
3 g 40 // - 40000000 g
= 0.015 2ol ocn - ] 3
§ E 30 R2=0.98 ././ BDDDDDDD%
- ! & 20 - 20000000 &
= 0.01 20 min =—— 100 min z I/:{-/ i
) ~—40 min =120 min o '/'/ g 7 1oo0eo00
0.005 | ——60 min —— 140 min T
——80 min —— 160 min| i ‘ ‘ I
0 L - - T + - = 0 50 100 150
100 200 300 400 500 600 Time (Min)

Frequency(kHz)
(b) EMI spectrum of cement paste curing at (e) Sensing index of cement paste with 40°C

40°C
0.05 ‘ ' ‘ ‘ ' 40 1
35 - 1 - 14000000
0.04 1 ] 7
@ g 30 /' - 12000000 =
8 0.03 é 25 1 R2=0.98 // B WDDDDDDDg
§ ;, 20 - - 8000000 g
é 0.02+ g 15 4 _ /'/. - 6000000 §
':E [ ——20 min —— 100 min g 10l /:7. 1 4000000 u—gj
001 ——40 min ——120 min u A
B —60 min —— 140 min T e
| ——80 min 160 min of ¥ 1o
0 ' - ' ' - 0 50 100 P
100 200 300 400 500 600 Time (Min)
Frequency(kHz)
(c) EMI spectrum of cement paste curing (f) Sensing index of cement paste 60°C
60°C
Figure 12 Sensing performance of the sensor embedded in the cement paste with different curing

temperature

40



2.6  Conclusion

This study has examined the feasibility of using EMI as an in-situ sensing method for
monitoring the cementitious materials’ elastic modulus development for additive manufacturing.
Seven sets of cement paste samples with different w/c ratios and curing temperatures were tested
by EMI test, calorimetry test, and rheological test. Based on the rheological testing results, we
have identified two important factors of the elastic modulus development, the water to cement
ratio and the curing temperature. These two important factors could influence the elastic modulus’s
development via the number of contact points and the hydration kinetic. The elastic modulus
results were then correlated with the piezoelectric based EMI test results. Since the EMI method
provides a stable small oscillation to the cement paste, which can well mimic the testing
mechanism of the rheometer, the measured elastic modulus can be estimated by the EMI test with
satisfactory accuracy. The sensing index from the EMI test was based on extracting the physical
information of the sample and further processed using the statistical approach. The correlation
coefficients between the sensing index and the elastic modulus from the cement paste with
different water to cement ratios and to cure temperature are all above 0.9. These results indicate
that the proposed piezoelectric-based EMI method has a great potential to monitor the elastic
modulus of the cementitious materials in a real-time manner.

Monitoring the quality and safety of the materials for additive manufacturing is always
vitally important. This is the first report on providing an in-situ monitoring method for tracing the
elastic modulus development of the cementitious materials, which is one of the critical properties
for additive manufactured construction. The findings reported here shed new light on the in-situ
monitoring technique for the burgeoning additive manufacturing. By in-situ monitoring, the elastic
modulus of the cementitious materials with the proposed method, both the safety and efficiency of
the additive manufacturing process can be guaranteed and strengthened. Moreover, this monitoring
method can potentially be applied to similar materials systems with hardening process during the
additive manufacturing process, such as heat curing, light curing, etc. Since the study is limited to
the rheometer requirement, this study lacks the results of the cementitious samples with the fine
aggregate and the coarse aggregate. Additionally, the samples with supplementary cementitious
materials (SCMs) need to be considered. Once these mentioned factors are examined, this work
could significantly contribute to monitoring of in-situ rheological properties of additive

manufacturing of concrete structures.
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Abstract

Piezoelectric sensors have been widely used in the field of infrastructure sensing. However,
the materials used for piezoelectric sensor fabrication are dominated by ceramic materials, which
has the shortcoming of intrinsic brittleness. This study set out to develop a piezoelectric nano-
sensor with good piezoelectricity and flexibility to address the current bottleneck of piezoelectric-
based infrastructure sensing. The experiment program starts from the polymer-based piezoelectric
materials, PVDF (Polyvinylidene fluoride or polyvinylidene difluoride) nanofiber, synthesized by
using an electrospinning process. The materials characterization results reveal the correlation
within the materials synthesis methods, nanostructure, and material properties. The piezoelectric
nano-sensor was fabricated by using an ink-jet printing process. The optimized piezoelectric nano-
sensor was then used for civil engineering materials strength sensing and damage detection. The
electric response from the piezoelectric nano-sensor is sensitive to the mechanical strength of the
sensing structure. The piezoelectric nano-sensor’s voltage output can also be a good indicator for

damage detection at a decent strain level.

Keywords: Piezoelectric, Infrastructure sensing, materials characterization, Ink-jet printing
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3.1 Introduction

Concrete structures have been used extensively in the civil engineering field. However,
compared with metallic or other composite structures, the non-destructive evaluation (NDE)
technologies of concrete structures are relatively unadvanced [1]. It is urgent to build a reliable
and accurate real-time monitoring and sensing system for concrete structures [2-4]. Piezoelectric
materials are the most used materials for infrastructure sensing and monitoring [5]. Owing to its
high sensitivity and direct and inverse piezometric principle, the piezoelectric sensor can act as
both a sensor and actuator to capture the properties’ changes inside the structures [6-8]. The
unreadable mechanical information can be directly converted to readable digital signals. Therefore,
developing good piezoelectric is essential for the development of infrastructure sensing.

The materials for piezoelectric sensor and transducer fabrication are dominated by ceramic-
based materials, such as lead zirconate titanate, barium titanate, etc. However, ceramic-based
materials have the shortcoming of intrinsic brittleness[9]. The application of the ceramic-based
piezoelectric sensor and transducer is limited to a slight strain level. As such, this work spends
effort on fabricating the piezoelectric sensor with both good piezoelectricity and flexibility to
address the abovementioned problem. The polymer-based materials polyvinylidene fluoride
(PVDF) with high B-phase concentration is selected as an alternative material for piezoelectric
sensor fabrication [10-12]. PVDF exists in different phases, such as a-phase, B-phase, and y-phase
[12, 13]. Among all the different PVDF phases, the 3-phase PVDF is considered to have the most
outstanding piezoelectric properties due to the well-aligned polar structure [14, 15]. Therefore,
great efforts have been made to improve the [B-phase concentration of the PVDF-based
piezoelectric materials. Mechanical stretching is a helpful approach for PVDF [-phase
enhancement [16-19]. By external mechanical force, the PVDF polymer chain will be aligned in
one direction, and the B-phase PVDF was then formed. However, the mechanical stretched PVDF
has an inconsistent phase distribution. The PVDF with B-phase tends to cluster in the middle of
the sample [16], which will affect the quality of the materials and device. Another approach for 3-
phase enhancement is electric poling. Take the electrospinning synthesis approach as an example,
the PVDF polymer chain can be stretched by the applied electric field. Ghafari et al. compare the
fraction of B-phase PVDF from the sol-gel process with and without electric poling process [20].
The results show that the electrospun PVDF can have a B-phase concentration of 75% with an

increment up to 41%. Moreover, doping graphene oxides by co-axial electrospinning can further
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improve the 3-phase concentration of the PVDF [20]. The  bond of the graphene with the fluorine
atoms aligns the PVVDF polymer chain in one direction during the electrospinning process. Similar
techniques are also verified to have significant assistance for the PVDF B-phase enhancement.
Doping the 2-dimension structured materials, such as graphene and barium titanate, can increase
the fraction of B-phase higher than 90% [21-25]. However, this dopant is normally having a
considerable cost, which is not suitable for civil engineering applications. Therefore, this study set
out to develop piezoelectric nano-sensor fabrication by using a cost-efficient approach. The
detailed materials synthesis approach, device fabrication methods, and sensor sensing performance

are discussed in the following section.

3.2 Experimental program

3.2.1 Materials

This study used the sol-gel electrospinning process to synthesis the materials for
piezoelectric nano-sensor fabrication. The precursor solution was prepared by mixing the PVDF
powder (Mw=534,000, Sigma-Aldrich) with the organic solvent. The solvent contains Dimethyl
sulfoxide (DMSO, Sigma-Aldrich 99.5%) and acetone (Sigma-Aldrich, 99.75%) in a weight ratio
of 7:3. The PVDF weight concentration of the precursor solutions is 8%, 10%, 12%, and 14%. The
solution ingredients were then mixed together for 4 hours at room temperature by a magnetic stirrer.
The viscosity measurement of different precursor solutions was performed right before the

electrospinning process.

3.2.2 Electrospinning

The prepared solution was loaded into the syringe with a needle attached. During the
electrospinning process, the electric field between the needle and materials collector is 1.5kV/cm.
The electric field ejected the precursor solutions with a flow rate of 2 mi/h. The electrospun PVDF

was collected after 3 hours.
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3.2.3 Piezoelectric nano-sensor fabrication

‘& -
% Silver contact —

PVDF thin film

Figure 13 The contact design of the piezoelectric nano-sensor

The sensor fabrication adopted ink-jet printing for making contact with the sensor. Figure
13 shows the contact pattern of the piezoelectric nano-sensor. For the most piezoelectric
nanogenerator, the contact is printed on a flexible thin film and then attached with the flexible
piezoelectric materials. However, the different elastic properties and thermal expansion
coefficients may induce undesirable friction, which may reduce the piezoelectric
sensor/nanogenerator’s durability. Therefore, this work firstly printed the silver contact directly on
the PVDF thin film. For comparison, the silver ink was also indirectly printed on a Kapton tape
then attached with the PVDF thin film. Since the electrospun PVDF is a porous material, printing
the silver contact into two sides has a high possibility of having a short-circuit issue. Therefore,
the interdigital pattern design was utilized. The piezoelectric nano-sensor fabrication was ended

up with polymer coating by using Polydimethylsiloxane (PDMS).
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3.2.4 nano-sensor for strength sensing

(b)

Figure 14 (a) Cement paste sample with embedded piezoelectric nano-sensor. (b) Keysight
E4990A impedance analyzer.

The cement paste with different water to cement ratio 0.38, 0.40, and 0.42 was prepared to
investigate the piezoelectric nano-sensor's sensing performance. We embedded the piezoelectric
nano-sensor right after the mixing process. The impedance analyzer (as shown in Figure 14 (b))
excites the piezoelectric nano-sensor with a sinusoidal AC voltage at the frequency range of 1 kHz
to 1000 kHz. Then, the electrical signal, conductance, and capacitance were collected at the age of
10 hours, 11 hours, 12 hours, 1 day, 3 days, and 7 days by Keysight E4990A impedance analyzer
(as shown in Figure 14 (b)). Simultaneously, the cement paste sample's compressive strength was
measured per ASTM C 109 at the same age for comparison. The conductance, which is the real
part of the piezoelectric nano-sensor's admittance, has shown great sensitivity to the strength of
the sensing structure (cement paste sample in our case) based on the previous study [4]. The
equation below demonstrates electromechanical coupling between the piezoelectric sensor with

the sensing structure:

12 2d3,YE  2d%,YF, Z, \tankl (1)
Y =G+Bj=4w—|es; - ( )
Y N C R S TR | V) R l
Where the admittance is a combination of real part conductance (G), imaginary part susceptance
(B). The admittance depends onthe PZT sensor dimension (w, [, and h —width, length, and height),

electrical permittivity (£53), piezoelectric coefficient (d;), Young’s Modulus (Y £), Poisson’s ratio
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(v), and wavenumber (k). The mechanical impedance of the piezoelectric nano-sensor (Z,), and
the mechanical impedance of the sensing structure (Z,). Using the electromechanical impedance
approach, the mechanical properties of the sensing structure can be well described by the electrical
response of the piezoelectric nano-sensor. This study utilized the root mean square deviation
(RMSD) sensing index (EMI-RMSD index) to correlate with the cement paste sample’s strength.

The equation is shown below:

N (G — Gyy)?
RMSD (%) = |22 2
(%) \[ L1(Gp)? @

Where G; is the conductance spectra of different curing age, Gy, is the baseline conductance
spectra which come from the electrical measurement from the pure piezoelectric nano-sensor, N
signifies the number of data points in the EMI spectra (depends on the frequency range and

sampling rate).
3.2.5 Piezoelectric nano-sensor for damage detection

Load from MTS machine

1 1

Cement paste sample
Contact layer

s
Piezoelectric nano — sensor — | S A

T T

Load from MTS machine

Figure 15 the schematic of the damage detection experimental setup
At the age of 7 days, the cement paste sample with embedded piezoelectric nano-sensor

was broken by the compression load from the MTS machine. As shown in Figure 15, the

compression load was applied in two different directions: parallel the contact surface of the
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piezoelectric nano-sensor and vertical to the piezoelectric nano-sensor's contact surface. The

voltage output was recorded by data logger. The stress-time was also recorded at the same time.

3.3 Materials and device characterization

Figure 16 SEM images of electrospun PVDF nanofiber with different precursor solution (a) 8%,
(b) 10%, (c) 12%, (d) 14%.

Figure 16 shows the SEM (scanning electron microscopy) image of the electrospun PVDF
prepared from the precursor solution with different PVDF weight ratios. The SEM characterization
identifies the fibrous nanostructure of the electrospun PVDF. The fiber diameter was analyzed by
ImageJ software. As the PVDF concentration weight ratio increased, the fiber size increased (as

shown in Figure 17). As such, the B-phase PVDF concentration will be increased. This observation
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was verified by the FTIR (Fourier-transform infrared spectroscopy) characterization from Figure
18. The electrospun PVDF prepared by the precursor with a PVDF weight ratio 10% has the

highest B-phase concentration, 87.66%. As the precursor solutions’ viscosity increased, the PVDF
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Figure 17 Nano-fiber’s diameter distribution of electrospun PVDF nanofiber with different
precursor solution

weight percentage increased. The precursor solutions with a lower viscosity will result in a higher
B-phase concentration of the final electrospun PVDF. However, the solutions viscosity is still
required to pass a sufficient criterion to maintain the Taylor cone formation. The recommended
precursor solution viscosity is 200 cP for achieving the electrospun PVDF with high -phase

concentration.
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Figure 18 (a) FTIR spectrum of the electrospun PVDF nanofiber with 10% PVDF precursor
solution; (b) The relationship between the precursor viscosity & the Beta phase concentration

The electrospun with the highest B-phase concentration was used to fabricate the
piezoelectric nano-sensor. The mechanical vibration was applied on the fabricated piezoelectric
nano-sensor by a vibration generator. The datalogger then measured the voltage output. As shown
in Figure 19, the nanogenerator with direct contact can harvest more energy than the nanogenerator
with the indirect contact design. The maximum voltage of the direct contact is more than 300
microvolts. It can be concluded that directly print the silver contact on the electrospun PVDF can
increase the piezoelectric nano-sensor’s efficiency. The piezoelectric nano-sensor was then used

for strength sensing and damage detection.
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Figure 19 Voltage output measurement of the piezoelectric nano-sensor
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3.4 Piezoelectric sensing performance
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Figure 20 (a) the conductance spectrum of the embedded piezoelectric nano-sensor at different
cement paste curing age; (b) The linear regression Linear correlation fitting between elastic
modulus with EMI-RMSD index; (c) the capacitance spectrum of the embedded piezoelectric
nano-sensor at different cement paste curing age; (d) The linear regression Linear correlation
fitting between elastic modulus with average capacitance;

Figure 20 demonstrates the strength sensing performance of the piezoelectric nano-sensor
which was embedded in the cement paste sample with 0.38 water to cement ratio. Figure 20 (a)
plots the conductance spectrum of the embedded piezoelectric nano-sensor at different testing ages.
The conductance has a downward change as the cement paste aged. Figure 20 (b) displays the
correlation result between the RMSD index of the representative sample (W/C=0.38) with
corresponding compressive strength at each age. This denotes that the EMI-RMSD can extract the
mechanical properties of cementitious materials with reliable accuracy. As piezoelectric materials

are always a good dielectric material, capacitance has also been investigated as a potential indicator
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for strength sensing. Due to the PVDF nanofiber is porous material, the nanostructure and surface
area of the PVDF nanofiber will be affected as the cementitious samples aged. This changed can
be reflected by the capacitance of the piezoelectric nano-sensor. A high r-square was also obtained
between the average capacitance and the compressive strength at different ages (as shown in Figure
20 (c) and (d)). Table 3 summarized the overall sensing performance of the cement paste sample
with different water to cement ratios. A high r-square between the sensing index and samples’

compressive strength was obtained.

Table 3 overall sensing performance of the cement paste sample with different water to cement

ratio.
Water to cement ratio Cumulative RMSD from conductance Average capacitance
0.38 R?=0.99 R?=0.99
0.40 R?=0.98 R?=0.71
0.42 R?=0.88 R?=0.88
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Figure 21 the stress-time curve and voltage output curve of the samples tested under compression

load.

The piezoelectric nano-sensor has also been used for damage detection. The cement paste
with embedded piezoelectric nano-sensor was tested by compression load. Since the external
mechanical stimuli of the piezoelectric materials can generate voltage [4]. The output voltage is
considered a good indicator when damage appears. A distinct voltage at the peak load was

observed. The piezoelectric nano-sensor placed vertically to the load direction is more sensitive to
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the cement paste sample's damage. The conclusion is that the fabricated piezoelectric nano-sensor

could be used for damage detection for infrastructure.

3.5 Conclusion

This study presented a comprehensive research on the infrastructure sensing potential of
the self-developed flexible piezoelectric sensor. Starts from the flexible piezoelectric materials
synthesis, the B-phase concentration of PVDF nanofiber has a strong relationship with the
precursor solution's PVDF weight ratio. The PVDF nanofiber comes from the precursor solution
with a 10% weight ratio has a finer fiber diameter and uniform fiber size distribution. In addition,
the viscosity of the precursor solution is negatively related the B-phase concentration of PVDF
nanofiber. For the piezoelectric nano-sensor fabrication, the newly proposed direct contact printing
approach can enhance the piezoelectric nano-sensor's efficiency. The developed piezoelectric was
also embedded into the cement paste sample with different water to cement ratios. The extracted
sensing index from the piezoelectric nano-sensor correlates with the cement paste sample's
compressive strength. Besides, the voltage output from the piezoelectric nano-sensor could be a
useful indicator for damage detection.

In conclusion, the piezoelectric nano-sensor with good flexibility and piezoelectricity
could be a durable sensing component for infrastructure sensing. The future work could be
exploring the roll-to-roll manufacturing techniques for large-scale applications. The durable,
flexible, and sensitive piezoelectric nano-sensor could be powerful equipment for infrastructure
sensing. The piezoelectric nano-sensor's diverse electrical response could also incorporate with the

artificial intelligence guided signal processing to better understand the infrastructure's condition.
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