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In this research, PZT fibers were fabricated using PZT-5A commercial powder, polymeric
additives, and deionized water as a solvent. The rheological behavior of different pastes with various amounts
of solids and additives was investigated, and the best paste was selected for syringe injection (extrusion process).
Meanwhile, the paste containing 85 wt % solid content and 1 wt % glycerol, prepared by a 15 wt % PVA solution,

Keywords: exhibited the best rheological behavior. The resulting fibers were dried at 100 °C, and the burnout process was
Piezoelectric, conducted at 600 °C with the heating rate of 1 °C/min for 2 hours. The sintering process occured in the
Fiber, temperature range of 1220-1270 °C for 2.5-4 hours. X-Ray Diffraction (XRD) analysis conducted for phase
PZT, investigations revealed that the fibers sintered at 1220 °C were characterized by a single-phase perovskite
Sintering, structure. Further, the peak splitting confirmed the ferroelectric nature of fiber. However, at higher sintering

Microstructure

temperatures, the secondary peaks attributed to zirconium and titanium oxides appeared in the fiber diffraction

patterns. According to Scanning Electron Microscope (SEM) images from the surface of the fibers, the fibers
sintered at 1220 °C for 2 hours were devoid of any cracks and possessed an acceptable density. Additionally,
based on the SEM images from the fracture surface of the fibers, the microstructure of this sample comprised
cuboid grains with the average size of 1.5 pm, which is half of the average grain size of bulk PZT with spherical
grains at its optimum sintering temperature.
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1. INTRODUCTION

Among piezoelectric composites, the 3-1 type or
polymer matrix composite with ceramic rods owns
significantly higher properties than other types, hence
regarded as the most useful type of piezoelectric
composite. Among the advantages of this type of
composite are its large coupling factor, low acoustic
impedance, good compatibility with water and human
body tissue, mechanical ductility, wide bandwidth, a
low mechanical quality factor, and possibility of making
cut arrays with a simple design of electrodes.
Piezoelectric composites are particularly useful in
underwater sonar applications and ultrasonic
transducers in medical imaging [1]. Considering the
shape and geometry of devices, piezoelectric ceramic
fibers have recently gained recognition as a part of 1-3
type composites. Understanding the potential
applications of these fibers has made the fabrication of
small-scale fibers increasingly important. Extrusion
stands out as the most common method for fabricating
fine PZT fibers, involving a thorough mixing of ceramic
powder and an organic binder. This method has found
widespread applications in the commercial production
of PZT fibers [2]. Three commercial methods of fiber
synthesis have been introduced by three key commercial
companies and are compared below: 1- Extrusion

method, initially employed in 1999 by Sturk et al. [3] for
making PZT fibers, ia still utilized today by Ceranova
company for the commercial production of PZT fibers
using the same method; 2- Viscose Slurry Spinning
Process (VSSP) method, performed by Advanced
Cerametrics and first introduced by Cass et al. [4] in
1991; 3- ALCERU method, executed by Smart
Materials and first invented by Meinster et al. at 2003.

In this research, PZT pastes were prepared using
commercial PZT-5A powder, polyvinyl alcohol, and
glycerol additives, and deionized water as solvent. The
raw fibers were extruded from a needle with a diameter
of about 300 um using a syringe injection method.
Subsequently, this study investigates the impact of
different sintering conditions on the microstructure and
density of the fibers.

2. MATERIALS AND METHODS

PVA Aqueous solutions were prepared from PVA
powder with the weight percentages ranging from 5 to
20. Next, an appropriate amount of this solution,
determined by the percentage of the solid content, was
added to the PZT powder. Fiber injection was carried
out using plastic syringes with volumes ranging feom 1
to 5 cc. Given that the viscosity of the optimal pastes
was too high to easyly perform manual injection, a
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single-axis press machine was necessary to apply
pressure. Once dried in the environment, the obtained
raw fibers were heated in the oven at the temperature of
100 °C for 12 hours to completely remove moisture. The
burnout process (binder removal) and sintering were
then conducted in a box electric furnace. The burnout
operation proceeded at a very slow rate of 1 °C/min at
the temperature of 600 °C for 2 hours, followed by
sintering at the desired temperature with a common
heating rate of 5 °C.

3. RESULTS AND DISCUSSION

Investigations into the effect of the binder solution
concentration and amount of plasticizer on the
rheological behavior of the pastes were carried out, the
corresponding diagrams of which are shown in Figure 1
(a-b). As observed, the sample containing 15 wt % PVA
and 1 wt % glycerol with an average viscosity of 1068
mPa.s exhibited the best rheological behavior. Other
samples, however, were unsuitable for extrusion or
injection due to sudden changes in viscosity at higher
shear rates.
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The SEM images from the fracture surface of fibers
sintered at 1220 °C for 2.5 and 4 h, compared with the
image of the fracture surface of bulk PZT sample at the
optimum sintering temperature, are presented in the
micrographs of Figure 2. The results indictate that upon
increasing the sintering time, the grain microstructure
becomes denser, and the average grain size increases,
compared to the dwell time of 2.5 h. According to grain
size histograms, the majority of grains increased from 1-
1.2 pm for 2.5 h to 1-2.5 pum for 4 h sintering time. In
Figure (2-c), the bulk PZT sample sintered at 1270 °C
for 2.5 h exhibits a morphological change from cubic to
quasi-spherical, forming a completely dense
microstructure with an average grain size in the range of
2-3.5 um.

A comparison of the average grain size in the sintered
PZT fibers under their optimal sintering conditions and
the sintered bulk sample revealed that the grain size in
the sintered fibers is about half of the average grain size
in the bulk sample. Similar results were reported by
Chang et al., who attributed this phenomenon to the
higher internal stress in the fibers compared to the bulk.
This behavior results in higher tetragonality and a
considerable decrease in grain size [5].
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Figure 1. Graphs of changes in viscosity according to shear rate, a) the effect of PVA solution concentration on samples containing 1
% by weight of glycerol and b) the effect of glycerol amount on samples containing 20 % by weight of PVA
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Figure 2. SEM images of the fracture surfaces of fibers sintered at (a) 1220 °C for 2.5 h, (b) 1220 °C for 4 h and (c) bulk sample
sintered at 1270 °C for 2.5 h

4. CONCLUSION

In this research, PZT fibers were prepared using the
extrusion method. Among the various compositions, the
paste containing 85 % solids, prepared with the
appropriate amount of 15 wt % PVA solution and 1
wt % glycerol, exhibited the best rheological behavior
for injection. The raw fibers with an average diameter of
321 pm were sintered at different temperatures and
sintering times, and the microstructure and phases in
were studied through SEM and XRD analyses. The
density of raw and sintered fibers was also measured
using Archimedes method. Based on the obtained
results, the fiber sintered at 1220 °C for 2.5 h, with the
density of 93 % of the theoretical value and average
diameter of 321 um, was selected as the best fiber since
it was devoid of any cracks.

5. ACKNOWLEDGEMENT

The corresponding author of this research paper
greatly acknowledges Dr. M. H. Paydar, Full Professor
of the Department of Materials Engineering, Shiraz

University, for providing the equipment of the Fuel Cell
laboratory during the execution of this research.

REFERENCES

1. Uchino, K., Advanced Piezoelectric Materials, Woodhead
Publishing Limited, Abington Hall, Granta Park, (2010).
https://www.sciencedirect.com/book/9781845695347/advanced-
piezoelectric-materials

2. Ozevin, D., "MEMS acoustic emission sensors", Applied
Sciences, Vol. 10, No. 24, (2020), 8966.
https://doi.org/10.3390/app10248966

3. Strock, H. B., Pascucci, M. R., Parish, M. V., Bent, A. A,, Shrout,
T. R., "Active PZT fibers, a commercial production process",
Proceedings of the SPIE Conference on Smart Materials
Technologies,  Newport  Beach,  California,  (1999).
https://doi.org/10.1117/12.352799

4. French, J. D., Weitz, G. E., Luke, J. E., Cass, R. B., Jadidian, B.,
Janas, V., Safari, A., "Production of continuous piezoelectric
fibers for sensor/actuator applications”, IEEE, (1996).
https://doi.org/10.1109/ISAF.1996.598163

5. Chang, H.-Y., Yi, C.-H., Lin, C. -H., Cheng, S. -Y., "Surface-
condensed piezoelectric fibers and composites”, Materials
Chemistry and Physics, Volume 148, No. 3, (2014), 512-518,
https://doi.org/10.1016/j.matchemphys.2014.05.019


https://www.sciencedirect.com/book/9781845695347/advanced-piezoelectric-materials
https://www.sciencedirect.com/book/9781845695347/advanced-piezoelectric-materials
https://doi.org/10.3390/app10248966
https://doi.org/10.1117/12.352799
https://doi.org/10.1109/ISAF.1996.598163
https://www.sciencedirect.com/journal/materials-chemistry-and-physics
https://www.sciencedirect.com/journal/materials-chemistry-and-physics
file:///C:/Users/Lenovo/Desktop/Volume%20148(3
https://doi.org/10.1016/j.matchemphys.2014.05.019

OO—V“' 4(\?,'Y dl.;.._»U) LY a)l.a...z c\Y a)jJ wm L;Lhd)ju} J‘jﬁ ML.LA;B

Journal Homepage: www.jamt.ir

4:5}&'...3' ‘_;L@Jjuj:b.o MM

& " 4
Lf///: ://aM{.
MERC

gy Jels Al

Al b oodd 4 PZT OUI J&s 5 ,bslun, » b sl pite b w)p
053 fS |

T Lo, 0 b o) F Sl wsl,

Ol scho 31 5 40 S bSgS s gl posly ol 30 pnilign 09,5 SLsled!

Il e pisl8 Gl Gl oSl 3l po puoligo 09,8 030 puncligo 09,5 )] oli )57

T I 5 ey gla 553l s PZT-BA (gl 5o g Sl esliwl LPZT GUI(iass opl 55 s Ko
e s AE ey olie sla Ssg5hl 5 el alie b Calisie (sla et (655 5, A 4 o5 s
TV 5 delr LAG (gl s Ol cpl 5o did Ol (05 2nST a0l ) Kl Gos 5 8l et

0 OWl g 635055, Lk, o e Gls s 4y PVA 555710 Jsbe 3l eslial L aS Js S 35

> (e amesu U

VESY/O/YY il ol

VELY/H VT ok Ml FESVRGI PR

VENY/ U e i

Y e ) °CIMIN 5 LT 0C les 3 155 e il 5 0dd Sis Ve °C gles s ol s 3 HIYS{PRNLY
Al el Y/0- (la Ole3 53 VYVImIYY Y °C (glos o3 sdomn 53 (b g Ayl b s S plnil ol oS S 5
WYY+ °C los 53 edal o s g SIS 51> OLES X and | 3 3BT lawr 5 0dd plonil (31 Sla oo 5 <
by e gl sl Sy o i sles il L Ll il o PZT ol 56 oSkt sl PzT
gl 3l S S 5 Sn pslas A edalie SUI 3 gla S s 00l 5 00855 25 sladn S o
IS s 5 S5 858 m 5l ol el ¥ e £ 1YY 9C slas s ek b s S sl 0L G st
e bl A alons Y00 UM 3 &gl opl a3 o SGLa SEM slas bl oDl 350 I 53 LB
55 0/0 UM &by o311 ke b nSlo (gls s b (ol 5y (ghls 4 ges ol &S sl Olas GU e K3

Sy b ag glod 55 (655 gls €ls L SIL PZT gla wils :Kls i 350 S

https://doi.org/10.30501/jamt.2023.411504.1287 URL: https://www.jamt.ir/article_180719.html
Sdy disls (S5 ohk s s 4 Sl gy [Y] 555 o0 aede —\

Sy (S Sl S o 516 3 Sladey el s
CaielS Obn 53 [VT 58 0 13 580 oless s wbo s
Lo €0e) Caispels LT 68 Sl gl
AL ol sl laamdle LB b 4 Seel o slaale
CoislS g e 5 ooy LAl ple 4 cols
ComelS g8l Ghle i e Sl
Wl e bl S Sahcir 5586 5l ke

G pholasl Ol O0n glacsl 5 of L o Gl

I Multi Functional

L \OJlS J.a?: 6&&‘)«# k;».:».h\ le?- JA.O DL

L omablian 5 o5 (GOl (SO (Sl slagss
D FSRPRREFRCN

s OF 3 a8 il s sty G e ;S5

4 e 53,8 o e S (SO SU slagsl i

Sl amly 1oL Sl sags™

WE-Y\re0YY0 2)&)}3 aVE-YVre0YVO Z&AS gbl}d L;-AW cjjg ‘C}M'L‘)‘ aLi.:Jlb ‘C}M’Li | EES) 4{%@5 c;)b;n‘ L;;Lf.;

r.hayati@yu.ac.ir :,lfdftﬁ


https://doi.org/10.30501/jamt.2023.411504.1287
mailto:r.hayati@yu.ac.ir
http://journals.merc.ac.ir/
https://www.jamt.ir/
https://doi.org/10.30501/jamt.2023.411504.1287
https://www.jamt.ir/article_180719.html
file:///D:/hayati-thesis/final%20thesis-raziye%20hayati.docx%23_ENREF_1
file:///D:/hayati-thesis/final%20thesis-raziye%20hayati.docx%23_ENREF_2
file:///D:/hayati-thesis/final%20thesis-raziye%20hayati.docx%23_ENREF_3

04 00-VY c(\f,'Y QLL,..»U) Al a)l.a.@ NY 092 43.9}..2.:4” dud)jté};ly ML«L‘M/Q‘)&.@}JL’? 4.:.‘.9‘)

O 5 jteiole S 5 L (sl 5552 0 plonil (Materials
Al YooY Jl 53 [IY]

ol jiw D3 S PZT 34 51 ool 30§ A A
5okd s O 3 L oS S e eslinad el esle Ol
0 S ) b S5 sk 5 58S b Ll
S 5 Sawyga 5 ey SGLL(ALCERU 55, 5 VSSP
Ol 5l Jol (sla b los (Szudly 50 5 055 25 1) 255 o0
35 03 Nisd o 35St asiae Wi sll b gl JIU
sl 5 bl (oo K2 51, ALCERU 5 VSSP s,
ol 5 ool ol pla s 0l 51 1, G sl
e 5 )l et SU Ul 5o 5 L e s
A 5T 00 sla e Blas b GUI Loy ol b i s e
o5 s ALCERU (VSSP sla sy b 5 4y 0550
SHas 9 O mr SE G s e b 055 28]
P 5l sl s 0T 5 5)ls 35 VSSP 5 ALCERU
e 555y Sl eslizd Ll s esle Jols Ol a4 b
Cae s &S CS2 5l gule Lyocell sy wl ol by
A5 Jole 4 ALCERU. o) sl oo eslinal L
4 e 33415 Skl lasma r 6 28 36l 5 (s meS
G 33 A she b el LPZT GU s
b sla ol s JsS tesl VSSP , ALCERU
3ol (St glaplex 3 el chle b Olgs w)
I msls 4 G glas 5 A3l o (LG Al
DAL LS o 35 4 55,2 PZT S 35100 °C

SR ot lsme (S 53 b 05 eST anl
paie mlaw e LS andis 5 ol GUIL s 55 7 AY
LVS Gl B s el slaws Cle 4 55l e ol ansiia
SU Ay sl Sy ple b acslie o 055 xSt Ayl b
Lol 2 5l CERANOVA. Ly 3 dil oo S0 4 O ke
3 S epls shis b wdies PZT OU a8 6l 035 25
PZT 35 iy cpl o3 opd e eslinad Sl 51 gole
Ll s bl Cod 55,800 5 Sl o3l L (g5l
bolsee S odd S 5 ol U b L G e S

4 Strock
3 Cass
% Meister

Ol (SE kS 586 e D 4 men s KL Slgy (SO
ol b Loesyer i clall ol 0Kl
Sl sz 03 S 5 3l b S ST Bl Las 5 Sl
LB b a5 5melS cpl ot 4 Lol 0 5505 L ppsled
b do 5 oSl Sonl e 51 i L5 el o 3 502 adamSho
S sy Slae el 25k e K S (sl B
Sladits 5 o5 Glasbsm lasp)ls s ol b &
L8] dsl o e Sy (6513 oo 3 S gl A

Sl o GUIN sl (ol awdin 5 (S35 alais )
250 VY p s S5l Sl L Olpe w S Sl
ol sl glas 28l Sos gl Kla 5 515wy
Ol Ll b g 55 50 G Olpe 4 S 58 el 3 SUI
iy b SUlcsle gy 5 Jale ol sl s 4l
5 Sl 53 K (sl b e 035 2SI PZT i
o3Lizwl PZT GUI (g5l clas 3 oS il oo JT s K
[o] cl ons

S L3 PZT GUE s ol e sl )
i e ooy DIV Ll 4l anw s jaseie b3 o gioee
NIESR W Yoy [\/\]Q\)KM)‘CU)LN Lo 144y Jl s
B3 Sl i do S5 GEas Vo) Jle 53 5 e e
Fl PZT G g sl V8] 0blSan 5 7 3LLSS Jau s
Ul A Gl s S s 5 Gl b e 5o Al
ol By aw Ad re OLs 5 TSl Lbw g PZT
S LS B rme age SOl ES 0 aw b 5 S e
Ol S O35St s o) Aisd e aglie oa L asll o
ol @l [ 0L Ken 5 585 mal a5 1444 Jlu s 5L
Oeea LCeranova oS o5 el 5 LS e 48 4 PZT U
oY S e M5 L PZT OUl (gl s 4 s
S i by 48 (VSSP) 5580 Cless (St il
C oS g 5L sl 55 ad e rl;,,_;\Advanced Cerametrics
Soas T d oee VA4 JL s [VE] O
Smart) dwdss slse gyl &S 5 Lwys oS ALCERU

I Selvaraj
2 Kobayashi
3 Wang




00-VY ((VE+Y Olesl) oF o lacd VY o9 14 iy slacg5d 5 slse asldins / O Kas 5 Sl a5l Y

sl s aJ)jT \

s el 5o edd ealinal slend sl ge Slasein N J g

odijle | (%) yoss | ol Jge b osbs ol
o 2449 ol PZT PZT-5A
LT S 44/4 (C2H40)x i
s
oWl s e 249 BH30s S s e
ol S 249 C3H803 Jg DS

PZT s colu —Y-)
o Sis sado,s LPVA Suul 5l of sls Jsbme
Joows & sl il 5L Ao a5 L s Ll g T
L 6Ll PZT 55 4 Jsloes ol 5 cnlin ldis PVA
ot Sl 53 (b5 Sla e S 0 s Sl 4 e S
A plmil 2 SE 2y b ilesl (b «oils 5 5 PZT
o8 3 ke s s ekl Pl 4 b 4 ges sluas b
=Y Jgloes 5 PVA s =) tls e o3 8 b 55 L Jl
~t 5 JopedS Spletadly i Y st 3 el s
AL ALl g plox 53 SUI (eSS 0L

A leeslel ¥ Jsdr silae Jayl 5 L 4 5e5 4

Bl 055 Sl Al gl s e Jol Kes
ey 03 s e el VT pm L5y, k3 L gu)lS
Sh e 10 gl olab e Ceranova sl
Clssl 35 e osliiel ols Laul 5 PZT-5A Sl
23 &S o W) e Dl B e 4l 50 A0l e
Sl (Sl o3 i b e M5 s 8
S5 et Sl AL e sl bl LB 5 SIS
Sl Ll el ool oz S 5 A0l bt
ol Rl el e Sy Sl 5 K b (6 et
Ll 1) LB Ol 5 giee Slads 50l 055 2ST Co
DAl Kl
o 5o Sleslatal LPZT (gla jasm a5yl o
D 5 DS 5 IS Ly b sla Sa5580 5 PZT-5A
SN Gy S bl SUL 5 el 4 o -
A6 sl 53 555 e 55 2SI Y um s s a3 L £,
o B 0T JB s ol 2 o3 g s Lyl 2

b

G B, Y
u:*-a‘}}.’. U'»’~\ BE) osleiul Sy &w )‘y Oolaseine

Jsdr 53 S8 5 s o bt U b ol

Las AL LI il aSU i) Lo s S V-4 s @l edins L2551 Y J g

ple> 5o 145 0L 9 e ol o o PVA 559 4e)s € g0l 0 led
(42d5) S5 o Js 8 o 3 Jglome 53
Ve . vo 0 \
v \ A+ 0 \
e Y AO 0 Y
e \ Vo V/0 ¢
Vo Y A A2 0
Yo . A0 V/0 a
Yo Y Vo Vo \
" , As Ve A
\D ) Ao \e i




W 00-VY ‘(\f.'Y QLZQ..:U) Al a)La.j: NY 09> 4\;’.‘3}&.:4_ LgLaLg)}té};ly MM/U‘)M}JL? 4.:.‘.9‘)

S das e Ol 1) 0 jled Wil sl ) ISG
S il oo b JB o e 2 s el
23 Sz el plaz 515 51 ey 0l By 5 SUL 1 4 se
S a3 3l adal vty GUI Ll 0l a3ls 0L o) S
3 YTV Gles 53 (G iy A2l Sl e oS S5
el bl ol s Coy SO L s sy ol S Sl
ol Cle &S Las s b Ol aes S A5 sl
o3be Jlle 5o Sy el pla Sl BU g sl 4l
A eals sl e STy g e ] e 5L LSS
SSls s s Gl 55, L, B S S s L alg s
Sheslizad b pladised day o8 55 o 1St 5 o o
Voslie 5 Ye gV0 O S5y slads s LPVA lad sl
Soos Aol plaz Sheslital 05y s S 555 Ao sn Y
SRd s Ledd 55 Sl =) sz sle K808 g

Aas e 0L Y mm oY pm il

)

Sldlas 3b &8 el OF Ky g ol Sl eslizal e

Ol el Sy Aol ple 5EOUI O3l e [Y4] S
&)J}'QQJ_}JQ}VS‘ U’:’))J\ GJ\.AT Cowds fL> kJL:.H f&%.‘;w\
L et sl 5 sl LS5 (golebslse 5 0 S e
S ge o 1 il (glwd ) eslizad bl an S s
SUSGl A plnil 5l oKl (25 g oislesl s
WS g e Open Sy Sl Gb sue S 5L s e
Lol s s s et (oluweslel W4lS 51 eslixal O
54 el el Y oSl Oles e 5 YOr—\A+ rpm
oolad met 4 opl Ol 5l o3lel V-4 sla e Colg s
obwﬁu‘l{}.&.;)ﬁ)\.}))}ﬁ d«.w\.w)l}.‘!))‘q_’/\c-\ Al 6&
Ll wses ple il bus SU 4 Saedy Kol
S e ¥ ds S i Loty el VO gl
Lsosle ooy LB e bl s s 5 b
2y bl BB 5ok el D) e ey LTSS

()

)>a.,\;;6)\J4_<3);<3ﬂ)\om&)jjQL_J!(;.;‘.,\..ZQ@‘}U}SJ{l}ﬁba\SlﬁélﬁL_;-é\)bﬁaﬁ-(J\:g by ol ) IS
S () 5 A plawl S sked e ol Lo 5 LS Jlasl b oS S0 6555 51 0 G5 SBUI 16l 50 (2 «So s ol pla

S Sady o a5 0l 35 e DU 1 e



00-VY ((VE+Y Olesl) oF o lacd VY o9 14 iy slacg5d 5 slse asldins / O Kas 5 Sl a5l h

nKJ.M:J )‘ Uhcb}q.v e L;K%- L;_,Psf O‘)\-LP\ )}la.vn @
e il ot e Lo oaslesT 55 5 s S
Jibo Olosen ol T oK 51 s ez
53 30 (S el 28 sl PerkinElmer STA6000
T~ by pns Gl ‘C}Mb* oLl S s lasl
A3 S eslinad 055 5aS] et 4 53 el eslital e el
Cgr ol plod 55 oman 5 O s Dok Sh
53 55 sl 5 S sl e b sl ol 2yt
.J}A.; w:.xs \) 4&]4;
SUI 5 b sls €500 36 Gla s sk 4
V) sy sl pS L s Cuka GG L X andl pIUT baw s
<L Rigaku Ultima IV Jae XRD o&aws 1 sslizal
LT by olKils (558 m ol ulesT s 35 yo 015 528
Cl;.a\ Xpert High Score ! ;3| ¢ Loy b gluls 5 Lous
Belsorp  Jus BET i ok olSaws Sl oslizal L
GS o oRilesl 53 g ge opli LsiS el minill
A 6):§ aj\Ju.\ 6)5;7 PZT BEEY) °}iﬁ CE.N ‘CJMIL'J‘ aK..j..}\J
GooF) Qis Sl oy 3l sy ol o0 S 4 s L
c)Uu‘ J;.<.'L:A ;J_}J&asu.';w\ QJL:.H .\.;.‘_5; 6‘]’ (g{.s]..u .12.».«:_93

Cou g mls Y

Ol Y S 53 (s PZT o5 X anil 31, Sl
e G cpl 5 5i e sdalive 4S5 3b Olas .ol 0l o3l
Jauuggu\ju@oﬂpﬂ a5 S
SUsS 5 bl CS 5 L By S el AL e Gl
G sl 5 96-151-3334 5,1kl LIS ol b oy
S Do s iash b ol Jlges JUS1 S
T 5 Js kil g odas slaoaNT (gl ls PZT-BA .S 5
Sy 65 s el S5 LY s b saNT )l Jlide oS
A edalive 4 ges ol XRD (651 53 Ll

3 1y s PZT sy FESEM las ¥ IS

2ol cpl 4 a5 bdas e 0L il (gla &L».:f)}g

O e 9 PZT OUI ags —Y-Y
Aging) Sai e 0l cele YE Ous b Sl ds
A (58 oI DLy Ll s 3 s et a5 550 5 (time
Anton Paar MCR-302 Jie e 55, ol&ius 5l b cpts
sl (5550 sl 53 2 se (Sl i cle
SIY0r pm sgu s b Gl A g il eslanad L
5 b oslinal 0-) €C gls pa b Sty gl S5
S A sy (e s dg Sle et an ) Sy 4SSl 4
Jles sy 55 13 38 Gy B s LS Jles!
L opd 05 eslitul o) gome SO o o8aes 31 Lid
O s & g o o by Jlsl jLid 5 eslizal
S g5 Wy o3l 4 s Lol SUL S
e 53 4 opl 5l day sl ok ol SUI s fol
L;Lu):QJT):)Jij)JJSQb)jE;»Q,UM&:}
e S sl I3 cell VY e 4 Ve °C
oS 03 s & (pliael) e Bl Slkes
S 5 Ll Slles il bl uSL (S S
dalsl 53 5 A plomil el ¥ ke Vv °C (slas s anal
B3y gy 550 °C lemda>¢)lj>~cjgpu¢,g

o hd (S g o SUI ol (o) p -Y-Y
e CJ\)J e)".,\.;‘ U.Mx.?) )L’L;'-ij'.i) oS )}E;A “
g (Jloaml Gl S5 s s s o310 SKke ancsles
S Sy S by SU 5 Sy sl
FESEM 0L<:.w2 .la.w‘)j Lﬁjbﬁ O LA O L;j...:_})
4 Gl (FE-SEM, Mira 3-XMU, Czech Republic) Ju.
Sl el b GBUI SIUT 5 0G5S o Ol 81 oS o
Sosear 53iS ol TESCAN-Vega3 Jue SEM oo
A a1 oKl (58 e oKile3T 53 3 e (S
abLLZ.&‘L:PZT‘)Jﬁ C)bb a)l.h\jéjjjjﬁ‘)jﬂ w‘;bbr‘)y
s 3 S S by e s

I Burnout



v 00-VY ‘(\f.'Y QLZQ..:U) Al a)La.j: NY 092 MM Lgué)}té};ly MM/U‘)M}JL? 4.3.9‘)

PZT-5A (5 b ;35 FESEM 3JUT 4 by e sl ¥ 2

C)}U.ZA L;LQQS'.L“"S/)/’" BE ol L§J|‘J‘i_f>

2 osbemadly e 536 5 saul Jglee sl 3G

JSE 3 b g e sl la el ) 2 e e (555 L,
sdalie Lasls gos ol 53 a8 H5b Oles Lol ol osls Ol ¢
sl 5357 ) 5PVA 35710 sl 4 5ed 55 0
L 355 0 e VA MPAS a5y b s
23 458y SLSU Ol uns e a ba &sad o ks 0L

b o alis OS5 b 25 2SSV B 55

o ] —e— 10 wt%|
—+— 15 wi% |
—a— 20 Wt% |
10° |
w
4]
o
E
2
'}
<]
Q
2
=
‘1 T T T T T T v T T T
L] 20 40 60 &0 100
shear rate (1/s)
(<)
104 —=— 1wt% Glycerol
1 o 3wt Glycerol
10° <
10° 4
aoied LN
CE : ¢
= i1
g i .'1. .
E ] L %
2 3 . !
2 10y : '
8 1 - k!
s ] . .
) L Ly
1 L
10° 4 \'v',:.
L T v T T T T T T T
i} 20 40 60 BO 100
shear rate (1/s)
()

(qjl‘u:ﬁ'cjswﬂq;}g.wglmgséu)bﬁ;.iJ&;:
3 s, S35 7) sl s Bged n PVA Jyloe ke 56

PVA 5557 Y sl wsed p JgpmeadS Sltis 50 (0

3 5s ol sl Saend dn 3 &S 3l Ol
PSS 5 el odd LSS (g s S L sl IS
el e 50 Ao b il js e J 1S 3 b e
Glo e w558y 65 o3l S S walsl s

e S Sl 4 b e slasl el el 4y

Le & pad opl Sl a5 sSms b gte 5 LA o 0 o0 75

LS dewles
Snon |-
o0 |-
3
=
£
=
£
-}
=
E
) = ﬂ
o
L L L L L L
0 0 30 40 50 a0 m 0

Pasition ["2Theta] {copper {Cu))
o PZT-5A 55 a0 by o X andl 3l ‘_;jfjl Y JS..‘:

ol (ol >




00-VY ((VE+Y Olesl) oF o lacd VY o9 14 iy slacg5d 5 slse asldins / O Kas 5 Sl a5l hY

Slos 5171 8/0 dslae S35 Jals do)s (35 Jals o
nsjbw):)d}fj:?ASWlab‘:'CJQ"OCUla?pa
.s;,»\wjfc))y'\ﬂ—\”ﬂ°C)V~~°CUJa?uduu:
A 8L S S s e ol U e e o
ij;'-c\{;.ﬂ;jyé;yik;aa,u:m‘\“°cjvnLgLAL»;
'3}‘:L;°°3"’C*?‘M';j:*’;)3 3 9o 4o JTQ@;;J)’\;—
5 SLPZT €l 4 by o X anil A1, L;u,ij\
D3 VTVe °C 5 AY0r AYY slales j3 ol Lo U
cJﬁ&aMmds‘)jL QL@.A ol 0l 031 QLZ.:.\JS.Z
Sl PZT oKy 56 amsein sl Sy ol UL 6 5al
OF ol s 53 it 5B L Slol S 68 e

A edaline

Sl i 3 Lasia o2 Jo S A 3y
5> 01 Jlie Lol (23l 2als an sy 2t [ lezadly
G g e 53 5 e b S5 i g easdo
GRS L S S5 ) sl sed 4 e 5 Son
Gy ol Sy bege bl boss ol es
JsmadS S35 1) sl 45 3 (/AL mPas)
Csllas Slade I gl g3 a5 5 S (V) mPas)
Al ol st 05 S 55 xSt (gl an S s
oA 4 b Olses ol U 4 by e el
IS bzl 5 PVA Suul S Lol g e
sl gove Slssad pl p3 ol edd esls LIS 0 IS s
2 ol Ll Gle s Solm Ll s Jrals As s
Sob .l ol (6,8 o3l Ay °C U Laes (gles 03 5dee

02E,. o=
Etso %
100 =L ‘;
L oo Eleo 2
03 Y
= "
o2 i 40 3
]
§ = -O.Eiﬂ L 20
» e
¥ 98 - =i
1 2
f. - —0.40.. [ 20
S
‘T 97 - -40
2 06 L
- 80
96 - heE_lt_FIoW Y Los [0
| R Drlwfwe .................... [ 100
......... Weight Loss s
85 T T T T T -1.0 L.1zo
0 200 400 600 800 1000

T(-C)

Js S 535 7) 5PVA a0l 35710 Lo ags PZT ot w0 by o Olajen 5l 50T (sl ls yo 0 IS



1o

00-VY c(\f,'Y QLL,..»U) Al a)l.a...f: AY 092 43.9}&.:4” L;L&L;)ju‘}:bﬂ MM/O‘)M}JL? 4.:.‘.9‘)

VOPET: Q6-15D-1516
T Sh-200-241
" ?:l-+ﬁh: Thit= 2 3010 204
A || | J
s L - v‘wl I\.-...-_q,_._.--rk\—-—l"'\-l---'-\-i—l—
—_— FZET bulk
3
“rE‘ - i h * L +
?'ﬁ fiber, 1270°C
=
5 H.
= by M
v fiber, 1260°C
¥ | Vo oy L v v
fiber, 1220°C
T T T T T ¥ T T T T T
10 20 20 40 &0 &0 TO a0

2-theta (degree)

Colo ¥ s 4 il glales 5o ol L5 Ol 4y g e X andl 3l sl S A K3

Ol ¥ osled Jsd L3 S J&s (gl ool s sla
PZT o5 o5 S ol S5 e3¥ Ll ol el
Lol 5 48 oS o3Il (g e iy s, Sl ealinad b ool
odal Sz 4 il bl el G 4 VAY /Y
dn oS 35 PZT (5,95 J&s 7 0Y J&s slls pls U
S& 740 i op VL 4 VY0 °C los 3 b g i
SUI i 55 et el Dlalllas Ol 55 dowy (6555
AL O 5 Kb iass ol wlie iy, L PZT
L5,8 ST °C s gles 3 1, 74 J&s
slabes 3 eds dre s BUI e Ul el Y]
on 3 alllas SEM 5 Sl s S b 58 il

W

VYo 5l i sles il L PZT GU ol s
ﬁ&ui\ﬁduﬂbauj.\.irs«ijjﬁdb&ﬁ‘\YV"CU
53 el s SBUI X axil gl o S s ol ol
Sl U PZT a by sla Ky ks OYY °C sles
AL el AT=100=1 0V skl plS o5l L JU ST
e 5B LSl s e s sl e &S
VWV °C glos 3wl glbe S ol g 31 S
XPert 1l e el plonil sl s 3k 5 3L 23l
3555 55 5 pailis sladesl 4 b Sy ol High score
VI W AL
_ﬂsujailjgz)“.x.:&;ﬁ_ﬁ”u\_;u\gti?_

oaly LA 6;:§ o 311 e 5l 23 sheslanal b g

Calires glales 53 ol b UL JIK ¥ Jgds

ol ¥ S 4 (°C) Cilisue glales )3 ol b g i LI Pl SUI & gos
\YYVe \Yor \YY.
VAL V/YE v/ /41 (glcm?) J&>
¥V 40/+¢ qy oY ) J&>

-u_? QJL;.H sw‘d%&ﬂjw)‘éjjk QLQ.Q Cﬂ-ﬂ\ o.\..j:
<=l;'- GBI s 5 wsl e J 1Yo PCloles js old s
dﬁM;l)sésﬁ@oMUa&wVS‘éfﬁ}g

el el &

hm et g el SUla by 0 SEM sl v IS

53 das e OLES YV °C 51Y0r YT lales s ol
JU st a SU Gl o pbad shie sl glal
osls 0L £ ol s OUI ks Sle 5 Al e edalie



OO—V“’ ;(\i'\" QL'?.WJU) Al a)Lo.w NY 092 ‘Uﬁj»;.ﬂ &L&d)}bﬁj)\}» ML@/Q\)K@}J\:}- 4._:.«.9\)

& Wum
5% 83

SEMHV: 2008V Wi 1007mm | 4 g ] SEM HV: 20,0 kV Wo:896mm | | )
\iew ficid: 1.88 mm Det: 5E 300 pm View ficld: 377 pm Det: S5E 100 pm
SEMMAG: 101 x  Data(midiy}: 0420022 SEMMAG: 329 x  Data(midiy): 0N20/22

SEM HV: 20,0 KV Wo:ti8dmm | SEM HV: 200 KV WO; 7.52 mm
\View fieid: 1.74 mm Det: SE 500 pm View ficid: 317 pm Det- SE
SEM MAG: 102 x  Data(midiy): 0N13122 SEM MAG: 454 x Data(midiy): ON13122

SEM HV: 200 KV WD: 8.35 mm NENE f SEM HV: 20,0 kV WD: 743 mm
View ficid: 529 gym Det: SE View ficld: 243 pm Det: SE
SEMMAG: 358 x  Data(midiy): 0N13122 SEM MAG: 731 x Data(midiy): 0N13122




v 00-VY c(\f,'Y QLL,..»U) Al a)l.a...f: NY 092 43.9}&.:4” L;ud)jté};ly MM/O‘)M}JL? 4.:.‘.9‘)

SEM HV: 20.0 KV

wo:1043mm | L] vEGAs TEScAN
\iow tieid: 1.95 mm Det: SE 300 pm
SEM MAG: 27 x Data(midiy}: CEM&22

(Y-5)
\YV'(J)}\YO' (C) 4\YY' (u) L;Lal.a:).} ol d&?;ﬂ du\)rl:- tJL:H (d‘)wadajcbdﬁdjfgﬂ e VJS«-‘"

cels Y/0 QJ.»A.::lJfJ:jLAA;.-):

SEM HV: 20.0 kV Wo: 176 mm | | |
View ficld: 452 pm Det:- SE 400 pm

SEM MAG: 385 x Data(midiy): 081622

(V-3)

)beJ.; 62)}@)(\2- uJL:HMLfJA (Image.] )‘ﬁ\ ffl.oa_k.\:: wl:w)&ul?u".\»p))j(SEM f“)Lﬁj &-]9) .ja.wjiﬁjld.:!i JJJ’:
Cel ¥/0 Sl 4 calises glalas

\YV: °C \Yo: °C \YY. °C r\> U 4 gad
Yot VAN AR (um) s
o/Y £/0 /¢ ) Jelss

2slal Su) e e sdalie Jllag, s Slas 5
.,\;.il).é):e.x.islﬂéudi;:g,\jljdaé(xlou\&ubhh
wr g b ogd els Cond ST LS 5 255 5 Sogm ot
VTYH°C slos 3 ol s G s S 5 ol oSl &
Ol 5 Los Lialpl b5 i edalie cela Y/0 e o
o Aol S ) e b Ll edd AL S s
OLen 5 0s3LE ail b of sbewl ele Ll ad (655w
5 Sl 3l 5 LV YT Ol s et aladl g, 5
aadllos 1y 5 5m i Ayl b 5l s a Kol 3 S5 A3
@\;;lwéuﬁjcd@@l@uy.xsﬁw)ﬂ,
3 C}La S A Ayl glacis i 4 A
b g 0313 o 3 55 oo g i b G 3 gl 5L
Lols el e an |y e B Sl A0 s S5 e alse
S (Ol 5 55 bed) hri glos w5y sl Le
Sl S5 e oY [T s e S&) S ,u

slales s sds i & OU ol S8, s
S oy 4 W g ol (g all (glyls VYOr °C 5 VYY
rSla ol VL ls ol 5o slelegys 5 G
M o iy 5 Bl IS ol U e 55 GUI s
Sl VY04 °C slas 3 ok L gm i LI s s als
R
23 ekl b i Ol - sl 4 by 0 SEM  slas
el sdE sl Gl A S s i il slabes
Wyl phaw 05l e edalin LA JSS s oS b Oles
S 4 L Ll il e S5 sl s oIS el
Sle D3 s JB s sl b W Gl ol
4 by 6 SEM slas s-A U A IS 558 0 edalie
LYV °C BATY slales 55 old b s (sl 4 e
Sl e 8 gl 3l b sliar cpl 5 s e Ol
(8 Jsd) il 2als b sl Olse VYV °C 4 VXY

! Shrinkage



OO—V“ ‘<\f,'Y ul:.wl.?) cY a)l.o.o.f: c\Y 092 w,;._.:. LQLALQJJLZ.@} J\)ﬁ ML.L‘G.Q/ O\)&aﬁ} L;L? 4.:«.9\) -V\

@ls o3Il osgdoma 3 Slol B o mis e il 65l &5
Sle b gles Ll L el ey 4 V=1/Y0 pum
lales )5 a8 (g, 5b 4 il il el VSUJJ“J‘-" o310
o3Il o5 gdome y3 o 5 4y Sl s o 2 ATV °C 5V Yo
L 0 SEM s slas s fol> Y=Y/0 pm 5 V=-V/0 pm «ls
G ATV °C los s sl b & G S Ck.,« 4
5> S PZT £400 s mhaw psal 5 ol £ e
sdalie 5= 54 sl I S5 S js b & ang sles
i Oley Sl L el s 4 S il sd
Dbl AYYe °C (glos o o b gr & UL s LS
el /0 Olo g Comed il 63101 lo 5 5 oS 2 L Sl
Rl L eals 31l gla ol S st b ol Bl 558l
Slp V=VY Mmoo gde 1 s ls o ST S Ol
<& Oley gl V/Y=0 um a4 (-4 SK5) cela Y/0 Ol
534S 5sb Oles .l Ll (-4 JSE) cela £ g
5248 SILPZT gai 5550 53 25 (o edalie 54 IS0
(ol 0 dd LAl Cel V/0 e 4 VYV °C (gles
5 Sl Bl R (S 4 4 S Sl Sl (655505
&3 o311 G153 iy ST e S sl b s slosl (e

Aol Gy 45 F=Y/0 UM 03 5dms 3 La

Y, b

SX AR A Ve TR
SEM HV: 20.0 kV WD: 9.0t mm | |

View field: 70.8 pm Det: SE 20 pm

SEM MAG: 2.68 kx  Date{midly): 09/13722

(&)

Ol coSs a5 mlaw 4 bgje SEM jglas s oS
B NT0r °C (los 3 oS (Y MM 5 pus kad) Soses
S8 Ol a3 S el (S5 LS s LS
g oLl s iS 5o Jale (Ll la8) oLl vt
GNS SUI S a5 Ll S sl ble Wiy
Sles 3 b (olEl Jlie o mio f sl 3 el
sl Gely 45 545 e sdalie (OAY pm L3) \Yor °C
GUl cul ol Cl sl gl 5y S i
= o> (Feepm L3) A\YYe °C glos 5 odd S &S
Gl 1y Gse ol &S e3p 0l e (5,18 SLEI L b i
03 ok le Jodss sy o Bk Sl ol asle S5
e S
R
5ol O ceSs p s 4 bye SEM sl
53 ils o3Il (la ol S stacn ol jon 4 0l i SUI
SUI s A s b ol el esls Ol 4 IS
wls 031l Sl 5 03 xS and b wils (5505550 ol
Sles 53 ol sy (sla ged 55 AIL e 00 M 350 s
o USS Gb s stalie (S5 LS g WYY °C
Ceys ails g 5 @S e el 4 el 4y Lo i ped Sl

J‘D}M DL Jr:dﬁ b.bﬁm &L‘EMQW JJ C;.«-J‘JS

SEMHV: 2006V WD:16.05mm | | | | | :
View field: 78.9 ym Det: SE 20 pm
SEM MAG: 240 kx  Date(midiy]: 00720122

(&N



"

00-VY ‘(\f.'Y QLZMU) cY QJM c\Y 092 4\;’3]&.»3 LgLaLg)}té};ly MM/U‘)M}JL? 4.;.«.9‘)

" SEM HV: 20,0 KV

View field: 153 ym

WD: 10.48 mm
Det: SE

) :

20 pm

VEGA3J TESCAN|

SEM HV: 20.0 kV
View field: 88.2 pm

WD: 8.33 min
Det: SE

SEM MAG: 1.24 kx  Date{midly): 08/16/22

SEM MAG: 2.15 kx  Date{midly): 091322

SEM HV: 20.0 kV
View fieid: 107 pm
SEM MAG: 1.78 kx

WD: 10 97. mm VEGA3 TESCAN
Det: SE
Date(m/dly): 09/13/22

(»

SEM HV: 20.0 kV
View fieid: 94.9 pm
SEM MAG: 2.00 kx

WD: 8.87 mm
Det: SE
Date(m/dly): 09/20/22

(o)
Sl 453 VTVE () 5 1T00 () AYYe (O) (slabes 53 odd by 5 SUI 5 (D) plot S = ghane 4y Ly o SEM slss A S5

VEGA3 TESCAN
20 pm 20 ym

Y/0 ke as Sl am ;3 1Y0 gles oY mm sl i U OUI(5) 5 cele £ ode 4318 Sl ax 53 1YY (o) (sles Y/0 e w5 31 S

celw

60 +

T T
0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8

SEI HV: 20.0 KV
View field: 21.0 pm
SEM MAG: 8.02kx  Date{midly): 09120122

VEGA3 TESCAN
Diameter (um)




OO—V“&\?,'Y QMU)(Y a)ij:c\Y ajjéiwj&zdudjjujé\yuu@/Q\)M}@'L?Wb Ve
()
204
16| § e
16
144 §§
- 124
2
- 104 [\,
5
2 \
© /1 N
6 /
4
24 N
0 T T
3 1.0 1.5 2.0 25
SEM HV: 20.0 kV WD: 7.50 mm VEGA3 TESCAN| Diameter ( m)
View field: 28.5 ym Det: SE B
SEM MAG: 6.88 kx  Date(midly): 09113722
()
\\
40 \
R
|
\\
304 / \
3 / \
= / \
S ’/ kY
et ! i
c
3
O 20 \
Q
10
b
5 ,//

SENM HV: 20,0 KV WO: 743 mm 0 =555 " " ¢ ;
View field: 28.0 um Det: SE 0.5 0.0 0.5 1.0 15 2.0 2.5 3.0
SEM MAG: 8.54 kx  Date{midly): 0911322 Diameter (um)

i
40 /
/
/
/
30 -
=) h
] y
e |
g |
S 20 4 /
o / \
o / \
J / |
/ \'\\
b
10 \
, w (N -~

SEMMHV: 200KV WD: 10.50 mm VEGA3 TESCAN 0 N\ = .[\ q,

View field: 29.1 pm Det: SE 1 2 3 4 5

SEI MAG: 8.52kx _ Date{midly): 0618122

(s)

Diameter (um)



\Al

00-VY ‘(\f.'Y QLZMU) cY QJM c\Y 092 4\;’3]&.»3 LgLaLg)}té};ly MM/U‘)M}JL? 4.;.«.9‘)

VEGA3J TESCAN

SEM HV: 20.0 kV WD: 8.99 mm
View field: 219 ym Det: SE
SEM MAG: 8.85 kx  Date(mvdly): 0920122

: :

A

Loyl vl

spm

SEM HV: 20.0kV WD: 9.91 mm
View field: 21.9 ym Det: SE
SEM MAG: 8.65 kx  Date(m/dly): 0820122

(o)

20

18 -

16

1 2 3 4 5
Diameter {(um)

Count (%)

1 2 3 4 5 6
Diameter (um)

(9

a5 ATV () Yo <C) AYYe (O) glabes s 0ui Py u?l.”Jljrl;'- ] (uﬂl)c,..,_(..ic_,h.aa{ Ly o SEM sl 8 Jﬁ.‘.‘a

Y/0 e a5l S Sl am 3 VYV los ys el bt STL aged (5) 5 Csle £ Ol a0 VYY (o) ccels Y/0 e w51 S Sl

(053 ! b, €N 16l 5 (ALCERU s, SM)
Aoy 5o Yo um OU e b8 sl rlq:il
Amlome SU g 5 a3 L il o311 SOl 5 ol
SUI 5 La ails 63100 Sl sel oy ol Gl A
S V/Apm YN YA CS 54 SM 3CN AC s,
A/l aedd S5 sy ae a0 e 55 A 5
oSle s s s as s VA as 518 YN 5 YA
ol s g gles ps el s e i SUI sla 4l o5l
oo Lol ag SU s edel ot slael L iy

.:)\:Q_}l};'-v_aCN CS 5 53 O S|

—s

L

b e PZT SUI s @ls 31001 ke ammslia U

0l g5 SIU € ged 5 g i g ol pd 5 el
3pd ol s OUL s 4l o3Il &S 358 e staliv
5 Sl sl o S sl s &l o3Il Sl a2
G g sy cpl e i 518 L 0L s
el 5 5 S dsed 4 el SUI o SLUd sl gla
53 &ls o3Il mals 4 as Wl c S S el S s
2 OLKer 5 s Y] 558 o e SIL €500 b ans i
S b a3l el ag OUI o gl amglis YooA J



00-VY ((VE+Y Olesl) oF o lacd VY o9 14 iy slacg5d 5 slse asldins / O Kas 5 Sl a5l \Al

nJJ‘jT JJJQ- B A &ML.; EDX ;ﬂ.:.b)bdsa.k«iyi Q‘j&

EDX ‘_gLA e BE j:‘ ),p\.,& @)}5 coj')’\-o a el ol

.)}:: =° odalin

) 44.}»4. cdul ol }.ﬁi i) J&L_; O )j-lé-"-" "
by o s EDX JUT Lo 5 VYV °Cglos 3 ol 5
ﬁ)uaéﬁj;dﬁbMLiﬁ\'p)ﬁdsjjl;")w_ww)ﬁ

@ pamnb o PZT oS5 edisle ol Sole ol 5 s

(@] 22.63 70.02
Ti 487 5.04
Zr 23.92 12.98
Nb | 1.24 0.66
Pb 47.34 11.31

PbLI
kev

WYYs PCglos 53 s oy o8 SN CeSls s @ by o o 5 EDX LT s Ve IS

Ol s GBI Ol 5l e cpl Jsts ok
)L:“;-‘)Jj.]obM)‘):J:AK,LJ\}J\‘)AJAWeJ;CwJU.«‘
ol Sl e s s L oK lesT Sl g 0sls ) 3

&l

1. Landau, D.P., Schuttler, H. B., Lewis, S., Bachmann, M., Bennett,
J. W, "Discovery and design of functional materials: Integration of
database searching and first principles calculations”, Physics
Procedia, Vol. 34, (2012), 14-23.
https://doi.org/10.1016/j.phpro.2012.05.003

2. Jo, W., Dittmer, R., Acosta, M., Zang, J., Groh, C., Sapper,
E.,Wang, K., Rddel, J., "Giant electric-field-induced strains in
lead-free ceramics for actuator applications—status and
perspective", Journal of Electroceramics, Vol. 29, (2012), 71-93.
https://doi.org/10.1007/s10832-012-9742-3

3. Rodel, J., Webber, K. G., Dittmer, R., Jo, W., Kimura, M.,
Damjanovic, D., "Transferring lead-free piezoelectric ceramics
into application”, Journal of the European Ceramic Society, Vol.
35, (2015), 1659-1681.
https://doi.org/10.1016/j.jeurceramsoc.2014.12.013

4. Uchino, K., Advanced Piezoelectric Materials, Woodhead
Publishing Limited, Abington Hall, Granta Park, (2010).
https://www.sciencedirect.com/book/9781845695347/advanced-
piezoelectric-materials

5. Ozevin, D., "MEMS acoustic emission sensors", Applied Sciences,
Vol. 10, No. 24, (2020), 8966.
https://doi.org/10.3390/app10248966

6. Strock, H. B., Pascucci, M. R., Parish, M. V., Bent, A. A., Shrout,
T. R., "Active PZT fibers, a commercial production process",
Proceedings of the SPIE Conference on Smart Materials

S S domsi -4
0555S1 sy 3l esliad LPZT GUIiassy onl 5o
Gl 553l 51 eslisal LPZT (sl st o shite s A ags
o 2050 8 e gl oS 5 0k 53 L 4 ol
S el Slde b aS el A0 ol e b S 13
oIS Slacadl S35 7Y 5 PVA 555710 Jgds
3595551, e 3l e bl 3l eslel k5 glud s
et ol Sl edal s gl BUL s g 1, 05 s sl
& il gla Ol g labes 55 YY) pm Lge Jas L
L OF 55 350 slasl 5 bl 5 LAd Coy S
ol S Jr 45 S asdllas XRD 5 SEM (sl pJUT Lo 5
Al (6 S oIl iyl B e § s el S & g
6u>,>°mdzﬁ_ﬂﬂ>’m1@>q@u ool
Sl 2AY L ol JBs L ocsls Yo wds 4 VYY °C
e SpaS sl cule S YY) um v oy 6,48

A ol BUI - xe Olge

6)‘}{0!\.;« -0


https://doi.org/10.1016/j.phpro.2012.05.003
https://doi.org/10.1007/s10832-012-9742-3
https://doi.org/10.1016/j.jeurceramsoc.2014.12.013
https://www.sciencedirect.com/book/9781845695347/advanced-piezoelectric-materials
https://www.sciencedirect.com/book/9781845695347/advanced-piezoelectric-materials
https://doi.org/10.3390/app10248966

\Al

00-VY c(\f,'Y QLL,..»U) Al a)l.a...f: AY 092 43.9}&.:4” L;L&L;)ju‘}:bﬂ MM/O‘)M}JL? 4.:.‘.9‘)

14.

15.

16.

17.

18.

19.

20.

21.

French, J. D., Weitz, G. E., Luke, J. E., Cass, R. B., Jadidian, B.,
Janas, V., Safari, A., "Production of continuous piezoelectric fibers
for sensor/actuator applications", IEEE, (1996).
https://doi.org/10.1109/ISAF.1996.598163

Hossain, M., Kim, A., "The effect of acetic acid on morphology of
PZT nanofibers fabricated by electrospinning"”, Materials Letters,
Vol. 63, (2009), 789792.
https://doi.org/10.1016/j.matlet.2009.01.005

Cung-Hao, Y., Chia-Hsin, L., Yi-Hui Wang, W., Syh-Yuh, Ch.,
Horng-Yi, Ch., "Fabrication and characterization of flexible PZT
fiber and composite”, Ferroelectrics, Vol. 434, (2012), 91-99.
https://doi.org/10.1080/00150193.2012.732513

Meister, F., Vorbach, D., Niemz, F., Schulze, T., Taeger, E., "High-
tech-cellulose-funktionspolymere nach dem ALCERU-verfahren”,
Materialwissenschaft und Werkstofftechnik, Vol. 34, (2003),
262-266. https://doi.org/10.1002/mawe.200390056

Heiber, J., Belloli, A., Ermanni, P., Clemens, F., "Ferroelectric
characterization of single PZT fibers", Journal of Intelligent
Material Systems and Structures, Vol. 20, No. 4, (2008), 379-385.
https://doi.org/10.1177/1045389X08094365

""1-3 piezocomposite & transducers for ultrasound applications, 1-
3 Composites Overview”, Available at smart-material.com.
Chang, H. -Y., Yi, C. -H., Lin, C. -H,, Cheng, S. -Y., "Surface-
condensed piezoelectric fibers and composites”, Materials
Chemistry and Physics, Vol. 148, No. 3, (2014), 512-518.
https://doi.org/10.1016/j.matchemphys.2014.05.019

Carazzone, J. R., Martin, Ch. L., Cordero, Z. C., "Crack initiation,
propagation, and arrest in sintering powder aggregates”, Journal
of American Ceramic Society, Vol. 103, No. 9, (2020), 4754-4773.
https://doi.org/10.1111/jace.17170

10.

11.

12.

13.

Technologies, Newport Beach, California,

https://doi.org/10.1117/12.352799

Qiu, J., Tani, J., Kobayashil, Y., Young Um, T., Takahashi, H.,
"Fabrication of piezoelectric ceramic fibers by extrusion of Pb (Zr,
Ti)O; powder and Pb(Zr, Ti)O; sol mixture”, Smart Materials
Structure, Vol. 12, (2003), 331-337. https://doi.org/10.1088/0964-
1726/12/3/303

Bink, O., Nass, R., "Synthesis and characterization of PZT fibers
via sol-gel”, Journal of Sol-Gel Science and Technology, Vol. 13,
(1998), 1023-1026. https://doi.org/10.1023/A:1008616516686

Meyer Jr., R., Shrout, T., Yoshikawa, Sh., "Lead zirconate titanate
fine fibers derived from alkoxide-based sol-gel technology”,
Journal of American Ceramic Society, Vol. 81, No. 4, (1998),
861-868. https://doi.org/10.1111/j.11512916.1998.th02420.x
Helbig, J., Glaubitt, W., Spaniol, H., Vierhaus, P., Lange, U.,
Hansch, R., Watzka, W., Sporn, D., "Development and technology
of doped sol-gel derived lead zirconate titanate fibers", Smart
Materials  Structure,  Vol. 12, (2003),  987-992.
https://doi.org/10.1088/0964-1726/12/6/017

Cho, K. -H., Priya, Sh., "Synthesis of ferroelectric PZT fibers using
sol—gel technique", Materials Letters, Vol. 65, (2011), 775-779.
https://doi.org/10.1016/j.matlet.2010.11.070

Bowen, C. R., Stevens, R., Nelson, L. J., Dent, A. C., Dolman, G.,
Su, B., Button, T. W,, Cain, M. G., Stewart, M., "Manufacture and
characterization of high activity piezoelectric fibres", Smart
Materials  Structure,  Vol. 15, (2006),  295-301.
https://doi.org/10.1088/0964_1726/15/2/008

Kornmann, X., Huber, C., "Microstructure, and mechanical
properties of PZT fibres”, Journal of the European Ceramic
Society, Vol. 24, (2004), 1987-1991.
https://doi.org/10.1016/S0955_2219(03)00364-9

(1999).


https://doi.org/10.1117/12.352799
https://doi.org/10.1088/0964-1726/12/3/303
https://doi.org/10.1088/0964-1726/12/3/303
https://doi.org/10.1023/A:1008616516686
https://doi.org/10.1111/j.11512916.1998.tb02420.x
https://doi.org/10.1088/0964-1726/12/6/017
https://doi.org/10.1016/j.matlet.2010.11.070
https://doi.org/10.1088/0964_1726/15/2/008
https://doi.org/10.1016/S0955_2219(03)00364-9
https://doi.org/10.1109/ISAF.1996.598163
https://doi.org/10.1016/j.matlet.2009.01.005
https://doi.org/10.1080/00150193.2012.732513
https://doi.org/10.1002/mawe.200390056
https://journals.sagepub.com/doi/10.1177/1045389X08094365#con1
https://journals.sagepub.com/doi/10.1177/1045389X08094365#con2
https://journals.sagepub.com/doi/10.1177/1045389X08094365#con3
https://journals.sagepub.com/doi/10.1177/1045389X08094365#con4
https://journals.sagepub.com/home/JIM
https://journals.sagepub.com/home/JIM
https://doi.org/10.1177/1045389X08094365
https://www.smart-material.com/13CompOverviewV2.html
https://www.smart-material.com/13CompOverviewV2.html
https://www.sciencedirect.com/journal/materials-chemistry-and-physics
https://www.sciencedirect.com/journal/materials-chemistry-and-physics
file:///C:/Users/Lenovo/Desktop/Volume%20148(3
https://doi.org/10.1016/j.matchemphys.2014.05.019
https://doi.org/10.1111/jace.17170

