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Amayopevetal 1 aviiypa@r), amofrkevon kal diavourn g mapovoag epyaciag, €€ 0AOKANPOL 1
TUNUATOG AUTNG, Yld EUITOPIKO O0KomoO. Emtpenetar n avatvnwon, amobnkevon kat Stavoun ya
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ITepiinyn

H mapovoa Suthwpatikn epyaocia mapovolddel pa 01e€odikn €pevva yu v avamtuén
TPIPONAEKTPIKGOV YEVVITPL®V, 01 07T01eG Elval S1ATAEELG TTOV PETATPETOVV TNV UNYAVIKT] EVEPYELA ATTO
TO TEPIPANNOV O€ NAEKTPIKT) EVEPYELQ, XPTOLOTOIDVTAG CUVOETA VAIKA OTIWC TO TTOAVYAAAKTIKO OEV
(PLA) pe mpdoign o&ediov tov pevdapyvpov (ZnO) kat kapPidiov tov mupttiov (SiC). To PLA eivan
evag Puwolpog, Prodiaonmpevog BepUOMAAOTIKOG TTOAVECTEPAG TIOV TAPAYETAL ATTO AVOAVEDOUEG
MNYES, OMWG TO GUUAO KAAAUIIOKIOU 1) TO {OXAPOKOAAAUO, KAl YPNOIUOTOIEITAL EVPEMS OTNV
tpodiaotat ektonmwon FDM (Fused Deposition Modeling) Adyw tov eAdyiotov mepiaAAOVTIKOD
QTOTUTOUATOG KOl TV  JAEOVEKTIK®V UNYXAVIKOV YAPAKTNPIOTIKGOV Tov. H  mpooOnkn
vavoomuatidiny 0mwg to ZnO kot to SiC oto PLA peletatal yia Tnv Kavotntd Toug va PeATimwoouvy
auTEg TIG eyyeveig 1810TTeg KAl VA €VIOKVOOUV ONUAVTIKA TNV Tpfoniektpikn amodoon Ttwv
vavoyevvntpiwv pe Baon to PLA. H emoyn touv SiC wg mpooBetikov vAikov Paciletar omnv
a&l00TNLEIWTN OKANPOTNTA TOV KAL TNV IKAVOTITA TOV VA EVIOYVEL TA UNYXAVIKA XAPAKTN PLOTIKA TOV
ouvBetov VAWKOU, eve TO ZnO EVOWUATOVETAL YO TA JIOAVAEITOUPYIKA TOU  OQEAN,
ovumepAaufavouévng e Owpaxkiong amd v LAEPIHON AKTIVOPOAIA, TwV AVTIUIKPOBIAKMV
emOpAcEMV KAl TG evioyuuevng Bepuikng ayoyuomtag. H mapovoa peAétn mapexel uia
OAOKATPWUEVT] AVAAVOT] TOV UNYXAVIK®OV KAl NAEKTPIKGOV 1010 TOV TV oUVOET®V VAIk®V PLA pe
npoo€n SiC kat ZnO, Tpoo@PEPOVTAC YVMOELG OXETIKA LE TIG SUVATOTNTEG AVTMOV TWV VAIK®V OTNV
evioyvon g amdSoong TV TPIBONAEKTPIKGOV YEVVITPIMV YA EPAPUOYES CUANOYTC TTEPIPAAOVTIKTG

EVEPYELQG,.

AgEerg-kAe1ba

TpBoyevvntpieg, TvAdoyn Evepyelag, IToAvyaraxtiko OEO(PLA), O&idio tov WevSapyvpov
(Zn0), KapPidio tov Muprtiov (SiC), Tprodaotatn Extinwon, Mnyavikeg I610tnteg, AtnAekTpikn
YtaBepa
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Abstract

This thesis presents an in-depth investigation into the development of triboelectric generators,
which are devices that convert mechanical energy from the environment into electrical energy, using
Polylactic Acid (PLA) composites doped with Zinc Oxide (ZnO) and Silicon Carbide (SiC). PLA is a
sustainable, biodegradable thermoplastic polyester made from renewable resources like corn starch
or sugarcane, and it is extensively utilized in Fused Deposition Modeling (FDM) 3D printing for its
minimal environmental footprint and advantageous mechanical characteristics. The strategic
addition of nanofillers such as ZnO and SiC to PLA is studied for their ability to fine-tune these
inherent properties and significantly boost the triboelectric output of PLA-based nanogenerators.
The choice of SiC as a dopant is based on its remarkable hardness and ability to reinforce the
mechanical attributes of the composite, while ZnO is incorporated for its multifunctional benefits,
including UV shielding, antimicrobial effects, and enhanced thermal conductivity. This study
provides a comprehensive analysis of the mechanical and electrical properties of PLA composites
doped with SiC and ZnO, offering insights into the potential of these materials in enhancing the

efficiency of triboelectric generators for environmental energy harvesting applications.

Keywords

Tribogenerators, Energy harvesting, Polylactic Acid (PLA), Zinc Oxide (ZnO), Silicon Carbide
(SiC), 3D printing, Mechanical Properties, Dielectric Constant
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Evyaplotieg

Apyka, Ba nBeda va evyapiomomn Bepua tov Kabnynt) Evayyedo Xpioto@opov kat tov
AtevBuvt) Epevvov tov Ivotitovtov Navosmotnung kat NavoteyvoAoyiag (INN), EKEOE
«Anuokpitog» Xproto Todun, mov pov 6woav TNV evkalpla va eKITOVI0® TNV AUTA®UATIKT] LoV
epyacia oto Epyaotmpo ZvAloyng Evepyelag xkat Avtovouwv AwOntmpwov touv EKE®E
«Anuokpitog» VIO TV emiPAeyn Tovg. Xapn oty kabodnynor) kal v eumepia Tov kov Toaun,
Snuovpyndnke &va kavoTopo epevvnTikd Oepa To omoio ovvefale OTNV TPOOWITIKI] LOV Kot
EMOTNUOVIKT pov eEeNEN. O1 Xprolueg CLUPBOVAEG TOU ATTOTEAECAV APWYO YA TNV OAOKAT|PWOT] TNG

TAPOLOAG EPYACiag.

Oa 1BeAa va evxaploTNO® 70N G LETA A0 TV Kapdid pov tov Atevbuvtn Epevvov tov EKEOE
«Anuokpitog» F'ewpylo Bekivn yia v moAUTiun BornBe1d tov oty Authwpatikn pov epyaocia. Kata
™ Sdpkela g ovvepyaoiag Hag, Hov UETESwOE &va HIKPO KOUUATL QO TIG EMOTNUOVIKEG KAl
TEXVIKEG TOV YVWOOELS, EVR TAPAAMNAQ LoV Ttapeiye avektipuntn vootpiEn. O kog Bekivng padi pe
TA LITOAOTTA PEAN TOV epyaoTnpiov, afilovy éva 181aiTeEPO ELYAPIOTH TIOV HE PLAOEEVIOAV GTO XWPO

epyaoiag tovg, oto Epyaotrpio ITponyuévev Kepapikmv kat ZovOetwv YAkomv tov INN.

EmutAéov, opeldw eva Bepuo evyapiot® otov Emikovpo KaOnynt Eppavouni Xovpdaxn kat
otov Ap. AY\éa MmapSaka yia Tnv apaymyikr) Kal euXaplotn ovvepyaoia pag kabwg kat yia myv
BonBela va e€okembn pe epyaotnplakeg texvikeg. Emiong, euxaplot® Toug MPOTTUXIAKOVS KAl

petTamTuytakoLg @ortnteg Tov INN mov mepaoape evyaplota kad’ oAn v didpkela g epyaoiag.

Avt n gpyaoia, OIS KAl 1) OAOKAT pwoT) TV 67tovdav Hov oto IToAvteyveio Sev Ba rjtav Suvateg
X0pig v o pi&n g owkoyevelag pov. Tovg yoveig pov, Anuntpia kat AnurTpn, ov pe otnpifovv

oe kaOe pov Prina, kar v adeA@r) pov 'apupard mov BpiokeTal TAVIA OTO TAELPO LLOV.

KAeivovtag, éva peyadho euxaplotem oToug OUVOSoUTOPOUE TV POITNTIKMV ETMV, TOUG KOANTOVG
pov @ilovg. O auetpnteg wpeg mov mepacaue pad, dSwafalovrag, yehnvrag, Staokedaloviag, e

e@odiaoav pe avapvroelg yua pia (wn. 'Eva euxaploto etval 1o eAay10To o propm va .

ABnva, Maptiog 2024

Stepavia Tkopda
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Extetauevn Iepiainyn ota EAAnvika

1.1 Ewoaywyn

H ovMoyr) g unxavikng eveépyelag HEom TPONAEKTPIKOD (PAIVOUEVOL €XEL TTPOKVPEL WG U1d
Kpioun evaAAakTikn uEBodog yia v LeTaTportr) g apbovng UNXavIKNg EVEPYELAS TTOL TePPANEL
eUAC O€ XPNOIUN NAEKTPIKT) EVEPYELQ, T OTTOIA WITOPEL VA TPOPOSOTIOEL NAEKTPOVIKEG OVOKEVES KAL
ovotnuata. AkohovBmvtag v avakaivyn mg tpifoniektpikng vavoyevvitplag (TENG) amo v
opada tov Zhong Lin Wang [1], v p€e pa ekBetikn avénon oty epeuvntikn Spaotnplom)ta yvpw
QIt0 TNV artodoTIKY) GLAAOYT] TPIPONAEKTPIKIG EVEPYELAG, XPTOILOTOIOVTAS S10popa VAIKA KAl
texvoloyieg [2], [3], [4]. H Suvatomnta g aviaAAayng @opTinv avapeca og SU0 EMPAVEIEG TTOV
gpxovtar oe emagn (triboelectrification) ka1 g nAsktpootatikng emaywyng (electrostatic
induction), 0Tav avteg o1 empaveleg fplokovTal 0 OXETIKT Kivnon peta&l toug, eppavidetal oe kabe
oLVVELAOUO VAIK®OV VR TAUTOXPOVA avadelkvietal 1 mpOKANCT ya v  evpeong 18avikwv
oLVVELACU®Y VAIKGV Y1d TN HEYloTosmoinon g amodoong twv tpifoyevvnipiov. H eupavion mg
tpodiaotatg ektunwong (3D printing) [5] wg pag owkovouikd amod0TIKNG KATAOCKEVAOTIKNG
Sladikaoiag, 1 omoia eMTPENEL TNV TAPAYWYT TOKIAWV SOU®MV e EAAYIOTH OTATAAN VAIKGV KAl
OUVTOUEVEL TOV XPOVO TTAPAY®YNS, KAO1oTd evAoyn TNV avamtugn TPlonAeKTpikov S1aTtaSeny Ue

Baon avtnv mv TeXvoAoyia yla autoTpo@odoToveEVA NAEKTPOVIKA cvoThuata [6].

To moAvyadaktikd o&y (PLA), éva avakvkAwowuo, Proocvufatd kar PfroSiaommuevo @LOIKO
OepUOMAAOTIKO VAIKO TIAPAYOUEVO QIO CVAVEDOIUES ITINYES, XPNOLUOTOIEITAl EVPEWE OTNV
kataokevn TpifonAektpikov Sataéemv. Ty epyacia autr), AVOADOUUE TOV AVTIKTUTIO TWV
vavoowpatdimv SiC kat ZnO otnv amodoon Twv TP oNAEKTPIK®Y VAVOYEVVITPIOV O AVALEIEN Ue
0 PLA.

1.2 Oewpnuko YroPaOpo

O tp1onAekTpioog, 1) TpBonAEKTPIKT POPTIOT), AVAPEPETAL O STUIOVPYIA NAEKTPIKOV (POPTIOV
og VAIKA peow emagng 1 tepng. To tpifonAektpikd @awvopevo €xel aflomomBel otnv avamtugn
tp1ponAektpik®wv vavoyevvnipiov (TENG), ol omoieg HETATPETOUV PUNYAVIKT] EVEPYELX QTTO TO
nep1Barov oe nAektpikn evepyeila. O1 TENGS avTimtpoommedovy Hia vea TpooEyyLoT 0T CUYKOUION
EVEPYELAC, TTPOCPEPOVTAG Uld Plrootun AVoT yia TNV Tpo@odooia NAEKTPOVIKOV CUOKEVROV XWPIG va
Baoilovran oe ovufatikeg mnyeg evepyelag. H texvoloyia autr €xel epapUOoYES TTOL KUUAIVOVTAL ATtO
ALTOTPOPOSOTOVUEVOVS ATONTIPES EWC TN CLYKOUIOT) EVEPYELAS ATTO TNV avOp®ITIVY Kiviion Kot Tig

nepifalovtikeg Sovnoeig.
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1.2 OewpnTiko YoPabpo

1.2.1 Tpioniektpiko ®arvouevo

To tp1fonAekTpikd @avOpevo amoteAel TO OLVNOEOTEPO AOYO EUPAVIONG TOU OTATIKOV
nAektpopov. To @awvopevo Paocifetar otv ema@r] SU0 AVOUOIWV EMPAVEIDV, Ol OIT0IEg
avTOAAoooLY peta&h tovg @optia.. Tn otiyun mov ta S0 VAIKA £pyovial O ema@r), (popTia
LETAPEPOVTAL ATTO TO VA VAIKO 010 aAA0. KaBag Sraympidovtan ot Svo empaveieg 10 kaBe vAKO
OLYKPATEL TO NAEKTPIKO (POPTIO TTOV ATTOUOVAOVETAL QIO TO KEVO LETAED TOVG. TNV MEPLMTWOT) OV
ovvdebel eva eEMTEPIKO NAEKTPIKO @opTio (71.X. pia avtiotaomn) avaueoa ota 6Vo NAekTPOS1a OV
Bpiokovtal oTa AKPA TWV EMUPAVEIOV TOTE BA EUPAVIOTEL pOT] PEVUATOG £ EMAYWYNG L€ OKOIO TNV

€€100pPOMN O TV POPTIWV.

Figure 0.1 Esapn tpiffonektpikdv emipaveiov kat ovvoeon nAeKTpodiov (e poptio.

H petagopd @optinv, ocuvhBmg NAEKTPOVi®V, amod pid em@aveld oe AAAn, 0e OYEon Ue Td
S10poPeTIKA VAIKA TT0V ETTAEYOVTAL Y1 VA EKUETAAAEVTOVVY TO (PALVOUEVO TNE TPBONAEKTPIOUOV Kal
e€aptatal amd TV NAEKTPIKN Tovg oAkoTnTa. Kdasmoia vAikad Stabetouvv evtovotepn Taom va
KATAKPATOUV NAEKTPOVIA 0 CUYKPION HE AAAQ, TO 1610 OTTIWE LITAPYOLV VAIKA Tov @aivetal va
amofaAovv nAektpovia mo eVkoAd. H amotipnon avthg g Suvatotntag yw Ta VAIKA

mapovoldetat oto Figure 0.2 péow piag kabopiopevng tpionAekTpikig oe1pag ya TotkiAa VAKA.

Polytetrafluoroethylene (Teflon, PTFE)

v
%
- 8 T
T s T
& ) § u o 2
£ = S 8 £ a§cQ
= - 5 £ o 2 = ES 28 =
w3 < s 3 S Eau’_s.gb-g-
S$3u285% s fssissoi8s58s, 5§
ES8ESS . 358833228 T2888233598
S o= 33> = S O = = S S S 0 =
T TSI IGFIE2CE=<ZFoRERLELTH

Figure 0.2 TptonAextpixn) 0eipd VAIKOV yLa TNV KATAOKEVT) TPILONAEKTPIKOY emipaveloV [1]
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Extetauévn IepiAnyn ota EAnvikd

1.2.2 Apyn kot Tpomor Aertovpyiag Tproniektpikwv

NavoyevviTpiov

O tp1Boyevvipieg Aertovpyovv pe Baom tov ouvSuaouo g NAEKTPIKNG AAMNAETIOpaong kat g
nAektpootatikng emaywyns. H aAnAemiSpaocn avty Onuovpyel otatikd @optia, &ved N
NAEKTPOOTATIKI] £MAYWYT) AVTIOTOLKEl 0T S1001KA0lA PETATPOMNG TNG KIVNTIKNG EVEPYELAS OF
nAektpkn. H wavomta g nAEKTPOOTATIKNG EMAYWYNG VA AVTIKATOTTPIGEL TN AerTovpyid €vOg
JTUKVOTI] ONUAivel OTL 01 TPIPOYEVVIITPIEG PEPOVV EYYEVOS XWPTTIKA YapaKTnploTikd. Otav dvo
eTePOYEVI VAIKA EABovV o€ emtan, Snuiovpyeitatl évag xnukog §eouog ovopado Levog TPOTKOAAN o),
®ODOVTAG TN HETAPOPA POPTI®V AVAUESA OTA VAIKA JIPOKEUEVOL va emitevyDel 100ppomia o1o
NAEKTPOXNUIKO TOUg SLuVAUIKO. ALTN I LETAPOPA pItopel va tepAauBavel NAEKTPOVIA, 1OVTA 1) AKOUN
katl popia. Katda m Sradikacia tov Staympiopo, kamoia ATopd IPoTIHolV va S1aTtnpovV eMTAEOV
NAEKTPOVIA eve) GAA elval mpoBuvua va ta amoPfailovy, yeyovog mov UITopel va TPOKAAECEL
TP1BonAekTpiKI] @OpTION OTIg em@paveieg. H eu@avion tpifonAekTpikav QOpTioV OTIC EMPAVEIES
QAUTEG ATOTEAEL TO KIVITPO YA TNV NAEKTPOVIKT] LETAPOPA TTPOC TA NAEKTPOSIA, avriotaduidovtag To

NAEKTPIKO Suvapko mov dnuovpyeitan [1].

'‘Otav avaAbovpe HEo® HaBNUATIKGOV To Tmg Snovpyeitan 1) Stapopd Suvauikov oe kabe poper)
TPIPONAEKTPIKIIG VAvoyevvITpLag, KaTaArnyovue oe pia Baoikn e€iowon:
_lo|
C(x)

To peyebog |Q| avapepetal ota IPOKVATOVTA BETIKA KAl APVIITIKA POPTIA 0TI EMPAVEIES TWV

v + Voo () (0.1)

S10POPETIKOV VAIK®V HETA TNV QIIONAKPLVOT) Tovg HeTafy toug. O Opog C xapaxktnpiel v
XOPNTIKOTNTA AVAUESA OTA NAEKTPOSIA OTAV ovufaivel HeTapopd NAEKTPOVIOY, eve TO V. elval 1)
petpnon g Slapopag SUVAUIKOD TTOV TTIPOKVTTEL A0 TA TPIPONAEKTPIKA @opTia. AvTd Ta peyedn

elval oLVaPTIOEL NG AOOTAOTG X HETAED TwV VAIKQV, kaBng avtr) petafdietal.

Mapakdtew amewovidovtal o1 1€00eplg Pacikol TPOTOl ALITovpyiag TV TPPONAEKTPIKGOV
vavoyevvnpuwv (TENGSs). Zmv ntapovoa epyaocia Oa xpnopomowm el n Aertovpyia kaBetov TpOTOUL

eNMaQNG-O1awplopov 07ov Ba avaivBel TapaTave OTA ETOUEVA KEPAAALAL.

(a) Vertical Contact — Separation Mode (b) Lateral — Sliding Mode

+H A+t

t+++++++++++++ A+
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1.3 YAika

(c) Single — Electrode Mode (d) Freestanding Triboelectric — Layer Mode
—
++++++++++ 4 T T T S I T S Y
R e i s i E
1 Load |I

Figure 0.3 Ot t€00epot faoikol Tporot Aettovpyiag twv TPIBONAEKTPIK®V vavoyevvnTplov: (a)
Aettovpyia kaBetov Tpomov emapng- Staywptouov (B) Asitovpyia mhevpikov tporov oAiodnong (y)
Aettovpyia povov niektpodiov (6) Aettovpyia eAevBepwv TPIONAEKTPIKDOV OTPWUATWY

> Aertovpyia kaBetng emagng, ol emeaveleg g TENG Soung Bpiokovial otpappeveg n pia
7IPOG TNV AAAN, OTNV €EWTEPIKN EMPAVEIA TV OMoiwv evamotiBevtal nAektpodia. H pnyavikn
SUvaun mov evepyorolel To Ppavopevo, ackeital otov kabeto afova kat £Tto1 Ta V0 VAIKA EpyovTal
oe ema@n. H enagpn towv 600 vAkov 00nyel 08 CLOCOPELOT) AVTIOETOV POPTIOL OTIG ETMPAVEIEG KL
Tl QWTOUAKPUVOT] TOV ETUPAVEIRDV, TTOV 00N Yel TNV OTASIAKN AVENOT) TOL KEVOL AVALETA TOVG, ival
N atia eppaviong mg Stapopdag Suvauikov. Q¢ ATOTEAECUA, VTTAPXEL POT) EAEVOEPWY NAEKTPOVIDV
HEOM TWV NAEKTPOSIMV QIO TNV Uid ETPAVELN 0TIV AAAT, ®OTE VA eE100pPpOonOEel TO NAEKTPOOTATIKO

mtedlo.

1.3 YAwka

To PLA (REVODE 101, Luminy LX175), stov Xxpnolposmodnke wg Untpa yia to ouvOeto vAIKo,
npounBevke amo v Total Corbion. H okovn SiC (#1200 mesh, epinov 8.3 um péyeBog kOkkoL)
nipounOevnke amod v Struers. H okovn ZnO (oxetikd "<100 nm" oe péyebog vavoowuatidiov)

nipounOevnke amo myv Sigma-Aldrich.

Ta teAet PLA Enpabnkav yia 24 wpeg otovg 100 °C. H okovn SiC avauiyOnke kaha pe to PLA oe
Bepuarvopevo pmoA otovg 75 °C pe Tavtdxpovn mPocOnKn HEPIK®V OTAYOV®OV AKETOVNG Yo v
Kataotel Suvatn 1 tpookoAnon g okovng SiC ota opapidia. To peiypa Enpdbnke ek véou oTovg

100 °C ya 24 wpeg kal ammoBnkevnke oe Enpavinpa pexpt v eEwbnon.

[Mapaokevaotnkav mevte OO oLVOETWV VAK®V e 1,1.5,2,2.5 kat 3wt% SiC mov avtiototyovv
oe vmoloywoueveg Tiueg mepimov 0.4,0.6,0.8,1.05 kar 1.3v0l% avtiotoya (Aaupdavovrag tnv
nukvoTa Tov PLA xat tov SiC wg 1,3g/cm3 kau 3,15g/cm? avtiotorya) kat tpia oUvOeta vhikd PLA
pe tpoo€n ZnO OOV TAPACKEVACTNKAVY e TAPOUold HEB0SO0 e GUYKEVTIPOOELS TTOV KULATVOVTAV

arto 1wt% emg 3wt%.
1.3.1 ITapaokevn Soxipuimwv

To amo€npauévo petypa petapepnke oe e€nOnt povol koxAia (Felfil Evo) yia v mapaywyr)

ovveyovg ovvBetov vijuatog Stauetpov mepimov 1.75 mm. H Bepuokpaocia eEmbnong ftav 185 —
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Extetauévn IepiAnyn ota EAnvikd

195 °C ka1 0 puOuog e€nBnong fTav 50 cm ava Aento. Kabapo vijpa PLA stapnxOn emiong peta amo

TTAVoOp010TLUTTEG CLVONKEG ENpavong kat uebodo eEwOnong.

) ) EE—
n ~ _—
o0 e
e e
{ Thermal Mixing
E Weighing

759°C
e M) —
| Filament Extrusion Drying
\_ v

Figure 0.4 Atabixaoia ITapaokevng Aokiuiov

PLA Pellets

SiC Powder
#1200

Zn0 Powder
< 100nm

i @ [

3

Ta Stapopa Sokipia ov Xpnolpomondnkay oe auTn T HEAET KATAOKEVAGTNKAV L€ TO VI)UA OV
mapnxOn xpnowomowvtag evav tpodiaotato ektvnwt| CREALITY CR20 Pro. Ta Sokipa
ekTLTOONKav TP1oSlaoTaTa XPNoUoNoOI®VTAG TIG aKoAovBeg mapaueTpovg: SIAUETPOC VIjUATOg =
1,75 mm, Beppokpaocia akpoguoiov = 200 —210°C, Bepuokpaocia tov bed = 55°C, péyebog

aKkpo@Loiov = 1 mm Kal Ta UM TA EKTUTWONG = 50 mm/sec.

v

[ ’
PLA - SiC
PLA - ZnO

Filament ~1.75mm

Figure 0.5 Aabixaoia aso v eEwOnon viuatog éwg v TpLodiacTtatn) eKTUTWOTN TV SOKIUIWY.

1.3.2 Aopik0o¢ XapaKTnplopnog

Y10 Figure 0.6 (a) mapovoliadovtal XapaktnploTikeg empaveleg Opavong evog Sokipiov PLA-
3wt% SiC petd amd komwon kat Opavon oe epeAkvopd. Katd kvplo Adyo eivarl opatr) n OAKiun
Opavion pe kamoleg evdeifelg evBpavotng Bpavong, OMwg amodelkvieTal Ad KATOEG AEMTEG

pafdwoeig (opateg oto Figure 0.6 (a)).
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1.3 YAika

Mua eKTipnon g em@avelakng mukvotntag tov SiC oty em@avela twv Sokipinv 3wt% £deiée
Tipeg petalv 1 xau 1,5 areal%, ot omoieg Bpiokoviat o€ yevikn ovppwvia pe o 1,3 vol% SiC mov €yel

VITOAOYIOTEL YA TETOIA VKA.

Axoun, éva @aopa EDX evog Setypatog PLA-3%SiC og xaunAr peyébuvon (x100) tapovotadetan
oto Figure 0.6 (b), 67ov 1 KOpLPT| Si KOADTTTETAL £V HEPEL KA KAADTITETAL EAAPPAOS ATTO [ KOPLPT)

XPLOOVL.

c PLA
3%SiC
Fracture Surface

2500 -

2000

1500

Counts

1000

500

1 2 3 4 5 6 7 8 9
Electron Energy (keV)

®

Figure 0.6 Ewxoveg SEM yia 3% SiC ano (a) enipaveta Opavong amo taon ue ueyebog x4856 xat ()
UETA auto TPIP1 pe xapti #1000 SiC ue ueyehog x6035.

To Figure 0.7 (a) Seiyvel pa amewkovion pe SEM tov PLA pe tpooBnkn ZnO, 6ov pmmopovpe va
evtomioovpe tnVv mapovoia vavooouandiov Zn0. H katavoun twv vavoowpatidinv ZnO @aivetatl
va etvat opolopop@n. Xto Figure 0.7 (b) mapovoialetat éva gpaocpa EDX mov amoktnOnke ywa to PLA
pe 3wt% ZnO. Mmopovpe va avayvmpioovpe Tig kopupeg exmoprmng L kat K tov Zn ota 1,011keV xau
8,61keV, emtaAnBevovtag Vv Vapén vavoowuatidiov Zn0. Ot kKopu@peg exmounng ota 1,66eV kat
2,14 eV avTioTtot(oLV 010 AenTO OTpOUA XpLOoOU Tov evamotédnke oto detypa PLA mpwv amo v

amewkovion pe SEM, mpokeiévovu va amo@euyfoiv @avopeva em@avelakng @OpTiong.

fe PLA
3000 Au 3%Zn0

Fracture Surface

2500

2000

Counts

1500

1000

500

1 2 3 4 5 6 7 8 9
Electron Energy (keV)

®

Figure 0.7 Eikoveg SEM yia 3% ZnO amno (a) empaveia Opavong ano taon ue peyebog x4867 kat (B)
UETA aito TpIfn pe xapti #1000 SiC ue ugyebog x6019.
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1.4 Mnyavikog¢ Xapaktnpiopuog

Ta evvia Sragpopetikd vAKa stov e€etdotnkav (PLA pe 0,1, 1.5, 2, 2.5 kan 3% SiC kat 1, 2, 3% ZnO)
XAPAKTNPIOTNKAV e HETPTIOEIS TNG AVTOXTNS TOUG 0€ EPEAKVOUO TPV KAl LETA TNV KOMWOT], KAO®C
KOl UE PETPTOELS NG avToxNg o¢ PPN, g okAnpotntag Shore D kal TG Avtoxrg 0 ONUEINKTD)
ovumieon Hertz. 'OAeg o1 unyavikeg Soxueg mpayupatomom|bnkav oe Sokipia pe ovvOrkeg

Bepuokpaoiag 23 + 2 °C ko 50 + 10% oxetikn vypaoia.
1.4.1 AOKIUT] EQEAKVOUOV £®E TNV ACTOYLA LETA ATO KOTIMOT)

Ou Sokiueg e@eAKLOUOV pPEXPL aoTtoxiag mpayuatomombnkav ovpemva pe Tg odnyieg Tov
npotumtov ISO 527. Ta Sokipa mov xpnopomomOnkay ftav enineda kat etyav oxnua "dog-bone" pe
OVOUAOTIKO UNKOC HETPOL 40 mm, MAATOG UETPOL 6 mm Kal maxog UETpov 2 mm. Ol Sokiueg
mpaypatomomOnkav oe éva mAaiolo @optiong epeAkvouo INSTRON 1026 pe puOuod petatomong
545um/min xpnoponowwvtag AaBeg. Ta SeSopeva epeAkvouoU KATAYpAPNKAV € VITOAOYIOTI] LECW

povadag kApatiopov pe axkpifeia 0.1N, eve n akpifela petatomong ektiundnke oe 0.1 mm.

Ta Soxipia SokpuAoTKav LITO EPEAKVOUO TIPLV KAl LETA TNV KOTIWOT] Y1 TOV TPOCSI0pIoud TNg
evastopevovoag avtoyng. H komwon Ttov Sokipinv epeAKVoUoD TPAyHATOTOMmONKE VIO UIKTH
AEITOVPYIA EPEAKVOUOV-KAUTVAOTNTAG O €va €181KA KATtaokevaouévo ovotmua. Ta Sokipa
SoKIUAOTNKAV LITO KOMWOT UETAE) TEPITOV 50% TNG UEYIOTNG OVAUEVOUEVNC EPEAKVOTIKIG
TTAPAUOPPWOTC KAl TTEPITTOV 50% TN UEYIOTIC AVAUEVOUEVIC KAUTTIKIG TTAPAUOPPWONG YA £WG

KA 400 KOKAOLG e puBpo mepimov 0.5 Hz (2 SevtepoAenmta ava KOKAO).

Ot kapmiAeg load-extension mov eAn@Onoav avaivBnkav yia va AngBet n teAikn e@eAkvoTIKN
avtoyn (UTS, Stress at Maximum Load) ka1 n mapapop@won oto péylioto @optio (Strain at

Maximum Load).

TovAdyotov 4 Setypata pe €wg kat 3wt% SiC Sokiudotnkay vId ePEAKLOTIKT dUVAUN TPV KAl
LETA TNV KOTIWOT) UIKTOV TPOITOV KAl TA ATTOTEAECUATA TTapovotadovtal otny evotnta Figure 0.8 (a)
(Ultimate tensile strength , UTS) ka1 Figure 0.8 (b) (Strain at maximum load). To UTS ¢aivetan va
LEIOVETAL [e TOV aplOud T®V KUKA®V KOTWOTG KATA TEPITTOV 10% ULETA IO TEPLTTOV 100 KUKAOUG
yia 1o kaBapo PLA kai 1o 1% SiC, mBavmg AOyw NG 0VO0MPEVOTE AETTOV LIKPOPWYU®V IOV 00T Yel
0€ TOTKEG OLYKEVIPWOELS TAOE®V. ATtO TNV AMI mAevpd, 1o UTS @aivetal va avavetal kata
TIEPLTTOV 10% PETA QO TEPITTOV 100 KUKAOLG OTav N tpoouiEn SiC avEavetat oe 2% 1 3%, mOavog
AOY® TNG EUTTAOKNC TOV HIKPOPWYU®V ue Ta owpatidia SiC ta omoia propoliv va HEIMOOLY TIG
TOTIKEG OUYKEVTIPWOELS TACEMV UECW TNG TOTKNG auPAUvoewe. EmumAéov, oe mepiektikotteg SiC

ueyaAvTepeg 1) ioeg e mepimov 2%, o1 Seopol Twv cwpatdiov SiC uropoliv va AE1ITOVPYTIooOLY MG
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1.4 Mnyavikog Xapaktnpliopuog

"aykvpeg”" Yo TUXOV UIKPOPWYUEG TTOU AVAIITUCCOVTAL KATA TNV KOMwon, kabvotepwviag v

AVATITUEN TOVG.

5
hi
w B
g 934
=5 x ~N— 1
2 =
D 40’ .E,a 2 .
—=—PLA - 0% SiC 5 ——PLA-0% SiC
PLA - 1% SiC &1 PLA - 1% SiC
——PLA - 2% SiC ——PLA - 2% SiC
——PLA- 3% SiC ——PLA-3% SiC
351, . . . . 0L ‘ ‘ . ;
0 100 200 300 400 0 100 200 300 400
Fatigue Cycles Fatigue Cycles
() ®

Figure 0.8 (a) Ultimate tensile strength tov ovvOetov PLA xat () Strain at max load tov SiC-dopped
PLA ueta amo komwon yta PLA-SiC.

H napapopewon oto péyoto goptio tov ovvBetov vAtkoy PLA mapovoiadetar oto Figure 0.8 (b).
Y& OAEQ TIG TEPUTTWOELG, 1) TTAPAUOPPWOT] OTO UEYIOTO POPTIO NTav mepimov 3% kal Sev Bpebnke
ONUAVTIKT S1apopd oIV TAPAUOPPHOT) UEXPL 400 KUKAOUG KOMIWONG UIKTOL TPOTIov. AuTtod Seiyvel
o1t dev Snuiovpyovvtal 1) SnuiovpyovvTal Alyeg ONUAVTIKEG UIKPOPWYUES ATIO TNV KOTWOT) UIKTOV

TPOITOL 0€ AVTA TA VAIKA, TOVAAYIOTOV UEXPL 400 KUKAOUG.
1.4.2 XxAnpomta Shore D

H oxAnpomnta Shore D petpriOnke oe Sidgopa onueia g emeavelag twv 3DP Soxipiov pe
S1aueTpo 32 mm Kal TAY0g 7 mm UE T XPT)oTn OKANpoueTpov pe kAipaka Shore D. H oxAnpomta

Sivetan pe evav aplfuo ywpig povada petadd 1 kat 100.

H av&non g avtoxng oe e@eAkvoo mov mapatnpeitat yia v apoouiEn SiC emPBefarwvetar amod
TG HeTprnoelg g okAnpotntag Shore D ;tov mapovoralovrat oto Figure 0.9 (a). H oxAnpdmrta Shore
D eivan oyenikd avenmnpeaotn pexpt mepimov 1% SiC, aAAd avavetal amOTopa 0T CUVEXELA KAl

@Tavel og Eva TAQTO mepinov oto 2% SiC.

H peiwon g avtoxng o epeAkuopo ka1 peiwon g okAnpomtag Shore D katd tnv mpocOnkn
vavoomuaTidinyv ZnO g pa TIOAVUEPTKT] UNTPA VATKOV, OMIwG TO TOALYOAAKTIKO o&L (PLA), pumopet
va amodobel 0Tig TOAVTAOKEG AAMNAETIOPATEIS HETAED TWV VAVOO®UATISI®V KAl TNG TTOAVUEPIKNC
uUnTpag, kKaBmg ka1 oTa e181KA XAPAKTNPLOTIKA OV AUTA TA VAVOo®UATIOa tpocdiSovv ato cuvheto

VAWKO.
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Figure 0.9 AmoteAéouata oxkAnpotntag Shore D yia (a) PLA-SiC xat () PLA-ZnO.

1.4.3 Abrasion Resistance

H avtoyr tov vAikov oty 1N 2 copatwv diepevviOnke oe Sokipna pe Stapetpo 32 mm kat
TOYX0G 7 mm O TPOCAPUOCUEVT] TEPIOTPEPOUEVT] €yKATAOTAON OTIABwong, Paciopévn oe
Aewavtipa/otABwty STRUERS DAP-7 pe vmodoyr Soxipiov PEDEMIN-2 omig 125 0Tpo@Eg ava
Aento. Aokiuaotnkay tpia dokipta padi kat kabe Sokipno Sokipdotnke pe poptio 10N (uéomn taomn oe
kaBe Sokipo 12kPa) kat Soxkiuaotnke evavt @peokov xaptiov SiC #1000 yia 1 Aentd pe ouveyn
JIAPOYXT VEPOUL Yyld TNV QITOUAKPUVOT] TUXOV XOAAP®V OoUATISImV KAl TV amo@uyn teng 3
owpatwv. Ta Sokipa oteyvodnkav kat uylotnkav siptv Kat petd m Soxur pe akpifela 1mg kai
avtoyn otV Tp1Pn divetal ammd 10 AvVTOTPOPO NG AWITMALIAS fAPOVE AvA LovASaA EMPAVEINS TOV

Soxiov pe povadeg m? /kg.

H avtoyn omv tp1pn avEavetar amotopa akoun kat pe poig 1% SiC, Sedopévov ot to SiC eivan
TTOAU OkANpoTepo amd to PLA xat mpootatevel ) puntpa PLA amd toug kOkkovg TpPng, Ommg

@aivetal oto Figure 0.10(a).

INa to PLA-ZnO, ev®d N HeiwON TV UNXAVIKOV 1010TNTOV Lodniwvel mbaveg apvnTikeg
EMITTOOELS OTNV AVTOXN 0TV PPN, autd mapatnpndnke. Ilpooteédnke mocoTnTa vavoowuanSimv
Zn0 ka1 SrarmotoOnke OTL AUTO pelwoe KATTWE TV avtiotaot otV Tp1p1), 0nwg @aivetatl oto Figure

0.10(a).
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1.4 Mnyavikog Xapaktnpliopuog
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Figure 0.10 AmroteAéouata yia v avioxn oe tpifn twv (a) PLA-SIiC xat () PLA-ZnO.

1.4.4 Xvpmieon Hertzian Point

H avtiotaon twv vVAik®v oe onuelakn @option Hetpninke vd ovvOnkeg @opTmiong "onuelakng
emapng Hertz" pe ) ypnon meipov amod yaAvfa pe aktiva kaumuAomrtag 2.5 mm pe puuo
petatomong 500um/min oto INSTRON 5982. Ta Sokipa stov Sokipaomkay eiyav Stapetpo 32 mm
KOl OVOUAOTIKO TTAY0G 7 mm KAl 1) pOPTION KATAypAPnKe ewg 0Tov o indentor Sieicévoet oe abog
0,5 mm. H avtiotaon oe onuewakn ovpmieon Hertz divetal amd v kAo NG £QATTOUEVNG OTNV

KaustoAn @opTtiov Babovg oe BaBog Sieicdvong 0,5 mm oe povadeg N /mm.

Ta amoteAéopata mov IPoEKLYPAV yia Th ovustieon g opaipag Hertz mapovoialovrat ota Figure
0.11 (a) (xapmoAeg péoov PaBovg @optiov) kar  Figure 0.11 (b) (uéoeg kAioeig). H kAion
(vtohoyrlopevn petaly 0,3 kat 0,45 mm Pabog Sieiobvong yia OAeg TIC KAUITVAES).) TWV KAUTUAGV
BaBovug poptiov pmopet va BewpnBel wg petpo g "amoteeopatikng okAnpomrag”, SnAadn g
TAAOTIKNG TTAPALOPP®ONG KAl TA amoTeAéopata Seiyvouv OTL 1| QIIOTEAECUATIKI) OKANPOTNTA
avgavetal petd ano mepinmov 1-1,5% SiC pBavovtag oe eva opomedio oe mepimov 2wt% SiC, mepimov

40% v ato v Tiun ya kabapod PLA.

20001 —pLA-0% SiC 5.01
PLA - 1% SiC =
17507 pia-15%sic / £ 489 /{——}
§ ——PLA-2% siC £ 48]
1500
PLA - 2.5% SiC Z
~1250] ——PLA-3% SiC < 4.44
z @ 4.2
E 10001 5 40
750 1 £ 3.84
500 2 3.6
T 341 —
250 2 %
w 3.2
D T T T T T T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0 1 1.5 2 25 3
Penetration Depth (mm) SiC Concentration (%)
() ®
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Figure 0.11 AoteAéouarta yia Soxiuia pe 1-3wt% SiC yia (a) ™ Svvaun exapng Hertz ue ta Sedousva
¢ Sokiung ovumticong kat (B) mv amoteAeouatikn okAnpoOTHIA.

H av&non mg mpaypamikng okAnpomtag Hetd amo mepimov 1-1,5% SiC ogpeiletar mbavag
0T EUITOS1A TTOL TTAPOVOIALOVV TIG OUVOETELS TwV OMUATIOWV SiC 0NV TAACTIKT TAPAUOPP®OT) TG
urtpag PLA. MOAg 0to 1% ta owpatidia SiC eivan eviexouevmg TToAD Hakpld T0 £va Ao To AAAO Yid
VA OXNUATICOVV OUVEXEIG CLVOEDELG, AAAA LEXPL TO 1,5% TA OWUATIOIA EIVAT APKETA KOVTA TO VA OTO
GAAO MOTE VA TIPOKAAOVV OYETIKA EUTTOSIA OTNV TIEPAITEP® TTAAOTIKT] TTAPALOPPWOT], AVEAVOVTAG TN

OKANPOTNTA.

Ta amoteAéopata ov TpogKkLYPAV Yia T ovprtieon pe o@aipa Hertzian yia ta ovvBeta vaiika ZnO
mapovolddovrar otnyv evomta Figure 0.12(a) (average load-depth curves) kar Figure 0.12 (b)
(average gradients). Ta vavoowuaTtidia ZnO, otav tpootiBevral oto PLA, teivouv va HEI®VOUV TOCO
TNV AVTOYXT) 0€ EPEAKLOUO OO KAl TNV TPAYUATIKT OKANPOTNTA Tov VAIKOV. H peinon g avtoxng
o€ ePeAKLOUO Oa PITOPOVOE VA OPEIAETAL 0€ TTAPAYOVTES OTTWE ) CVCCWUATMOT] TV CWUATIOIWY,
OIS ava@EpPONKe PO YOLUEV®G, 1 omtoia pmopel va Snuiovpyroet adtvaua onueia 0to cLVOETO
VAO. H peiwon g mpaypanikng okAnpotntag vmodnAmvel 0Tt 1 Tapovsia twv oopatdiov ZnO
peTaBarAel TNV amokplor Tov ovvOeToL VAIKOV 0T CLWITiEDT], kKaBloT®VTag TO 7o gvaicOnto otV

TTAPALOPPWOT).

2000 F —__pL A Virgin 36/
1750 [— PLA-1%Zn0O E
—— PLA-2%Zn0O €34l
1500 | —— PLA-3%Zn0O 2 )
g 1250 F § 32]
c
o r o
8 1000 %
- 750¢f L 3
=
F ©
500 825
250 w
0 L 1 L I 1 26 T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0 1 2 3
Extension (mm) ZnO Concentration (%)
(o) ()

Figure 0.12 AnoteAéouara yia dokiuua ue 1-3wt% ZnO yia (a) m Svvaun erxapng Hertz ue ta Sebouéva
™mc¢ Soxwung ovustieong xat () ™y QITOTEAEOUATIKT) OKANPOTNTA.

1.5 HAexktpikog Xapaktnpiopog

[Ma v KAaTtaokevr] TV JTIUKVOTOV IOV XPNOUOTOmONKav OTovV NAEKTPIKO XAPAKTNPIOUO,
extuoOnkav tprodiaotata kot yvaliomkav kuAvopika Setypata Stapétpov 32 mm kal mayovg

siepimov 390 um yia kaBe S1aPpopeTIKO LVAIKO.

Ta Seiypata yapakmplomnkav nAektpika pe tn xpnon otabuov akidwv (prober) yw Tig
NAEKTPIKEG ema@eg. Ol HeTpnoelg XwpnTIKOTNTAg Tpayuatomomonkay pe ) xpnon tov HP 4284A

LCR meter. Ot HeTp1)0€1g TPAYUATOTO ONKAVY Y1 GLYVOTNTES TTOL Kvuaivovtay and 1kHz éwg 1MHz

Diploma Thesis 13



1.5 HAektpikog Xapaktnpiopodg

KAl ya taoelg mov kvpaivoviav amto 0V éwg +2V. Or petpnoelg pevpatog Stapporg

mpaypatosomOnkayv pe ) ypnon tov HP4140B pA meter.

+
LabVIEW

—

HP4284A

Hpa1a08
pA METER

Figure 0.13 Avamapaotaon tov otafuov akibwv oe ovvéeon ue HP4284A & HP4140B yia tov
NAEKTPIKO XAPAKTNPLOUO TV SElYUATWV.

Ot peTproelg XwpnTIKOTNTAG XPNOLOTOWONKaV yia ToV VITOAOYIOUO TG SINAEKTPIKNG 0Tafepag

KkaOe Selyuatog xpnoomolwvTag TNV eE10moT

CX:# (0.2)

Omov C, elval 1 PETPOLUEV] XWPNTIKOTNTA, £, = 8.854x1072CV " Im™! eivan n Sinhextpik
S1amIepaTOTNTA TOV KEVOU, &, eival 1) SinAekTpikn otabepd Tov oUvOeToL LAKOV, A elval N em@pavela

TOV TTUKV®TI KAl d €lval TO TTAKOC TOV VAIKOU.

'Eva yapakmpliotiko mapdadetypa HETPNONG NG XWPNTIKOTNTAG CUVAPTIOEL TG OUXVOTNTAS O
taomn moAmong 0 yia 0Aa ta Setypata epgavidetan oto Figure 0.14 (a). @aivetal 0T 1 YmpnTIKOTHTA
elvar oxebov otabepr], OMTOC AVAUEVOTAV YIA TO €VPOG CUXVOTIT®WV TOV HeTpnoemv. Ot pKpeg
peTafoAég g ywpnmKOTNTAG KAbe Setypatog ogeidovial mbavotata otnv mapovoia mayibwv
@OpPTIOL PETAEY TV em@pavelwV petaly Tov PLA kat tov Al. To mo onpavtiko, Opmg, etvatl 0Tt petagl

TOV SEYLATOV VITAPYEL ELSIAKPLTN S1APOPA 0TI LETPOVUEVT) XWPT TIKOTITA.

4.0
4.0x10™" {
. 3.8
3.8x10" % -
—_ {C
o N @
8 36107 G 361
g R (&)
= o
(5] =
T 3.4x107" 4 *8- 3.4 {
3 —PLA-0% SIC Ic
PLA - 1% SiC @)
3.2x10""{ Biasatov PLA - 20/2 s:c 3.2 {
——PLA - 3% SiC
3.0x10M . -
3 4 5 -] 30 T T T T
10 10 10 10 0 y 5 3
Frequency (Hz) . .
SiC Concentration (%)
(@ (D)

Figure 0.14 (a) XwpnTikotnTta ovvaptnoetl g ouxvotnTag o€ unSeVIKT TAON TOAWONE yia oAa ta
Seiyuata xat (b) AmAektpixn orabepa tov ovvOetov vAikov PLA-SIC wg ouvaptnon e OUyKEVIPWONG
SiC.
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XpPNOWOTOIOVTAG TN HETPOVUEVT XWwpNTIKOTNTA ota 10kHz, 1 SinAektpikn otabepd yia kabe
Setyua vtoAoyiotnke ypnopomoinvtag v eElowon ( 0.2 ). Ta amoteAéouata mapovoladovial 0To
Figure 0.14 (b). Ot pumdpeg o@AAUATOG £XOUV UVITOAOYIOTEL XPTNOIUOTOIOVTIAS TO OPAAUA IOV

OXETI(ETAL UE TN UETPTOT) TOV TTAKOVG TOV VAIKOV.

Amnd 1o Figure 0.14 (b) @aivetal pia oa@rg avgnorn g SiAekTpikng otafepag Le T OUYKEVIP®WOT)
SiC. H dinAextpikn otabepd tov PLA pe 0% SiC petpatat o€ 3,2, 1 omoia eivan Aiyo vypnAoTepr) aso
TIG TIEG TTOV EXOVV avapepOel TponyovEvmg kat kupaivovtal amo 2,5 éwg 3,11 [7], [8]. H Tun av)
avu&Aavetal HovoTtovika pe ) ovykevipwon SiC, oe 3,9 ywa 1o detypa PLA pe 3% SiC. Aappavovtag
vroyn o1t 1o SiC &yer Sinexktpikn otabepd oxedov 15 [9] ,0Tn HopET OKOVNG, 1| TAPATPOVUEVN
avénon g OmAektpikng otabepag pe  ovykevipwon SiC Sev amotedel €xkmAngn. v
TPAYUATIKOTNTA, AUTOV TOV €180V¢ To parvopevo £xel amodetyBel o BipAoypapia yia pia moikiAia

HOPP®V VAIKOU [10].

To pevupa Sappong (I) wg cvvapmon g epapuolopevng taong (V) ya oda ta Seiypata
mapovoladetar oto Figure 0.15. To pevpa petpnOnke yua pauseg taong ekivovtag amo ta 0V ko
mnyaivovtag ota +10V ko miow ota 0V kat ot ovvexela ota —10V kal miow ota 0V. Ta
QITOTEAEOUATA TIOV TTApovoladovtal oto Figure 0.15 amokaAOtovy 0Tt To peyefog Tov peduatog
Sapporng Ppioketal 0to KATOTATO 0p10 HopLBOL TOL CLOTNHUATOG UETPNOTIG UAC, TO OTolo elval
oxedov 5 - 10713 A. T ovvéyeia, Ptopove va Xpro1LOTOUCOVLE TIC S1A0TACELS TV SEyUATwV pag
yla va vitoAoyicovpe v 181k avtiotaon twv e€etalopevov ouvhetwv vVAkwv PLA. Me tov tpomo
auTo, CLUTEPAivoLE OTL 1) e181KN avTioTtaoT eivat peyaitepn astd 6 - 101*2cem yia OAa ta cUvBeta
vAka. H ipun avtr) elval ovp@ovn pe Tig avag@opeg yla v €81k avtiotaorn 0ykov Tov kafapov

PLA tov kvpaivovtar amo 5 - 102402 - em [11] uéxpr 4 - 10170cm [12].

Mua AN evBla@EPOLOa TAPATIPTOT) OXETIKA LIE TO PELUA S1APPONG EIVAL OTL LITAPYEL LOTEPTON
TOV KAUTVA®V TAOTG PEVLATOG OE OXEDT) LLE TNV EPAPLOCOLEVT TTOAWOT). AVUTI) 1) VOTEPT|OT TTPETEL VA
ogeiletal oy mayidevon @opTiov evtog Tov VAikoL PLA. Eivar evdiagepov 6Tt nj mpoodnkn SiC,
PAIVETAL VA LEIMVEL TNV AVTIANITI tayidevon xwpig va avavel To pevua S1apporg Kal, OUVET®G,
mv 81K avtiotaon OyKov Tov oUVOeTov VAIKOU. TNV JPAyHATIKOTNTA, | €181KI| avtiotaon
PAIVETAL VA PEIOVETAL e TNV avENoN TNg meplekTikotntag oe SiC, mapoAo tov o1 LETPNoelg eival
JTOAD KOVTA OTO KATOTATO 0plo BoplPov twv opydvmv pag kot n meplektikotnta oe SiC eival
HKpOTEPN Ao TG oVVNOWG avagepopeveg TEPLEKTIKOTNTEG 0 mpooheta [11], [12]. TIpemer va
Toviooupe og autod To onueio 0Tt to SiC Sev eival ay®yo VAIKO, YEYOVOG TTOU ATTOTEAEL OTLLAVTIKT

Slapopd pHetalh aUTOV TV TMEPUITOOEMY KAl AWV avag@epouevav mpoobetwv oe PLA om

BiBAoypapia.
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1.6 Xapaktnpiopuog Tpipoysvvnpiav
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Figure 0.15 Pevua 6tappong wg ouvaptnon g epapiolOUEVNS TAOTS Yia 0Aa ta deiyuata. Ot
UETPNOELS TpayUaTomomOnkay yia evpog taong amo +10V éwg 0V éwg -10V ewg oV.

1.6 Xapaxkmpiounog Tpoyevvnrprov

Ot Tp1OoNAEKTPIKEG VAVOYEVVITPLEG TTOV XPNOLOTOMONKAV 0TV TApovoa HEAET AEITOUPYOVV
ovu@wva pe ) Aertovpyia Staywpropov emagng. KvAvdpika Setypata, pe Siapetpo 32 mm kau
ayovg mepimov 390 um, exTuTOONKAY TPIOSIACTATA YPNOIUOTOIWVTIAS €vav TPIoS1A0TATO
extunwt)] CREALITY CR20 Pro kai ta mpoavagepBévra vromapiopéva vipata PLA kat ot

ovveyela akohovOnoe otiAfwon Twv Serypudtwv.

Qg tp1ponAektpikn emepavela avapopag, eva 75 um-thick Kapton® layer (DuPont™) komnke
amod éva peydho gUAO oe Sidotaon 2x2 cm?. Kabe tpioniektpikn em@avela tonofemOnke oe
e€aywvikovg @opeig Setypatwv PCB xpnolpomolovtag aymyn tawvia aAovuiviov SUTAng oyng,
OLUTTIA POVOVTAC Eva TPIRONAEKTPIKO (eY0G, OTIwe Paivetal oto Figure 0.16. O1 mAakETeg Popewv
PCB mepieyovv oy miowm Aevpa Toug £va emifepa eTA@PNS IOV TAPEYEL TNV NAEKTPIKT| ETTAPT] YA

TIG TPIPONAEKTPIKEG EMPAVELEC.

tribogen_carrier_v1

PCB carrier

Figure 0.16 PCB yta v 10001101 TOV KATATKEVAOUEV®V VAIKOV Kal TV peufpavaov Kapton, sov
XPNOWOTOmONKAY WS EMPAVELA AVAPOPAS, YIA TOV TPILONAEKTPIKO XAPAKTNPLOLO.
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INa ) Siepevvnon mg amodoong e€06ov twv TENGs pe faon to PLA mpaypatomoOnkav
TEOOEPIG TUTOL PETPTOEWV: ) XPOViKA efaptopevn taomn €fodov (transient), ) tdon avoiktov

KukAopatog (Voce) kat y) pevpa Bpayvkvkiwong (Isc).

INa Tig transient petproelg xpnolpomowmOnke o maApoypagog InfiniiVision DSO7104A (Agilent
Technologies). Ot petpnoeilg pebUATOG TPAYUATOTOWONKAV UE TPOEVIOKUTI) PEVUATOS YAUNAOD
BopvPov Stanford Research Systems SR570. I'a v ekTiunon g 10xV0¢ wG CLVAPTNOT EVOG
eEMTEPIKOV POPTIOL KABME KAl TNG TAOTG AVOIYTOV KUKA®UATOG EPAPUOOTNKE 1) neBodoAoyia mtov
avantuyOnke and tovg Jayasvasti et al. [13]. Ta v mepodikr kivnon twv Tp1PonAekTpikwV

ETMUPAVEIRV XPTOLUOTOMONKE TO E0WTEPIKO CLOTNUA TTOV TTapovoladetal oto Figure 0.17.

PLA-SIiC / PLA-ZnO

Kapton (Dynamic Holder)

(Static Holder)

Figure 0.17 To e0wTePik0 oVOTNUA SLAXWPLOUOV OPLLOVTIAG ETAPTIG.

1.6.1 SiC based tribogenerators

Y10 Figure 0.18 (a) mapovoiadetal To TPIPONAEKTPIKO OTUA WG CUVAPTNOT TOU XPOVOUL Yid T
S1agpopa TENGs pe tpooi€n SiC. ITapatnpovpe 0Tt apyika To TP1oNAEKTPIKO OT|UA ALEAVETAL ATTO
11,3V y1a 1o kaBapo PLA oe 14,4V ywa 1o PLA mov €xel mpootebei pe 1,5wt% SiC. Qotooo, kabag n
ovykévtpwon SiC aviavetat oe 3wt%, 1o Tp1foniekTpikod onpa pewwvetar ota 10,5V, to omoio eivat
ouyKplowo pe mv Tiur ov Aapufavetat yua 1o pn vromapopévo PLA. Tlapopowa amoteAéopata
pmopovv va egaxBovv and 1o Figure 0.18 (b), 6mov mapovoiddetar n e€ApTnom NG TAPAYOUEVNS
10¥V0G 0€ GUVAPTNOT] UE TO EEMTEPIKO PopTio. ITapatnpovue OTL N} HeEY10TH 1o0XVE 7ToL AauBavetat yia
10 PLA pe npoowgn SiC 1,5wt% eivan 26uW (6,5uW /cm?, happdvovtag vtoyn 0Tt 1) em@aveld twv
Setyudtwv etvan 4cm?), n omola apovolalel 2,5 @opég avinon oe oLykplon pe Oha Ta GAAa

Setyuata.
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15] —PLA- 0% siC %0 ———PLA- 0% SIC
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Figure 0.18 (a) TpifonAektpixo onua taong eéaptwuevo amo 1o xpovo kat () 1oxvg ws ovvaptnon Tov
e&wteptkov poptiov yia tpifoyevvipieg ue Stapopetikeég ovykevipwoelg SiC.

To Figure 0.19 (a) Seiyvel v taon €£080v 0e oUVAPTNOT) e TO eEWTEPIKO PopTio. ITapatnpovue
ot 1o SiC pe mpoow&n 1,5wt% ep@avidel v vPnAOTEPT TAOT) AVOLYTOV KUKAWLATOG JTOV (PTAVEL TNV
Tun twv 26V. ITapopolo cupmeEpacua mpokumTel kal amto to Figure 0.19 , 0mov mapovotadetal to
pevua g TPPOYEVVITPLOG 08 OUVAPTIOT e TO eEWTEPIKO popTio. Tlapatnpovue OTL TO pevua
BpayvkvkAwong (oe undeviko eEwtepiko poptio) yia to PLA pe mpooén SiC 1,5wt% ptavel ta 2uA

(500n4/cm?), o omolo eivar VPNAITEPO O€ GLUYKPIOT ue OAa Ta AAAa Setyuata.

38 TP A % S —e—PLA- 1% SC—a—PLA- 1% 51C 2.0 —=—PLA - 0% SIC
—v—PLA - 2% SIC —#— PLA - 2.5% SIC —<— PLA - 3% SiC —e—PLA - 1% SiC
304 —a—PLA -1.5% SiC

—v—PLA - 2% SiC
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Figure 0.19 a) Taon avoiktov kvkAwuatog (Voc) xat B) pevua fpaxvkvxkiwong (Isc) yia
TpIfoyevvnTpLeg Le Stapopetikn ovykevipwon SiC.

1.6.27Zn0 based tribogenerators

Y10 Figure 0.20 (a) mapovoladetal 1o TPIRONAEKTPIKO OTUA KE CUVAPTNOT TOV XPOVOUL Yyid Td
S1apopa TENGs pe mpoopign ZnO. IHapatnpovpe 0Tt 10 TPIonAekTpiko onua avEavetal kabwg
av&avetal  CLYKEVTPpwOTN Tov ZnO @tavovtag oe pia tiur 40V dtav 1 ovykevrpwon tov ZnO eival
3wt%. I[Tapouola amoteAéopata pmopovv va eEayxbovv amo 1o Figure 0.20 (b) 6mov mapovoiadetat

n e€apmon g 1oxvog TS TPIPONAEKTPIKNG YEVVIITPIOG O€ OUVAPTNOT UE TO EEMTEPIKO (POPTIO.
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[Mapatnpolpe 0T N HEYoT 10YLG ov Aapfavetar yia 1o PLA pe tpooén 3wt% ZnO eivan 80uW
(20uW /cm?), nj omola elvan TEPITTOL 8 PoPEC LYNAOTEPT O GUYKPIOT] UE TO [N TTPOoHtyuévo PLA.

804 —s—PLA - 0% ZnO
404 ——PLA-0% ZnO WF,\ —es—PLA - 1% ZnO
30] —PLA-1%ZnO ANRAN —s—PLA - 2% ZnO
——PLA - 2% ZnO ] —v— PLA - 3% ZnO
204 ——PLA-3% ZnO 60 \
< 10- ] ~
o 0 PR, s I ™~
g s v v = 40- ™~
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-40- é‘:-";' Ee— | T,
' ‘ ' ' ' ' 0 T T T T
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Time (s)
Load (MQ)
(o) ®

Figure 0.20 a) Metafatixo onua wg ovvaptnorn Tov xpovov kat f3) toxv¢ wg ouvaptnon tov eEwteptikov
PopTiov yia tpLPoyevviTpleg Le S1aPopeTiKn ovykevipwon ZnO.

To Figure 0.21 (a)deiyvel v taomn e£68ov o€ ouvaptnon e 1o eEmTepkod @optio. ITapatnpovue
011 10 3wt% vtomapiopévo ZnO mapovolddel TNV LPNAOTEPT) TACT] AVOLYTOU KUKA®LLATOG TTOV PTAVEL
v Tun v 50V. Ilapoupola amoteAéopata mpokvTovy aso to Figure 0.21 (b), 6ov tapovoradetal
TO PeLUA TNE TPIPOYEVVIITPIOG O€ GLVAPTNOT UE TO eEWTEPIKO PopTio. ITapatnpovue OTL TO PevUA
Bpayvkikwong ywa to PLA pe nipoowi&n 3wt% ZnO @tavel ta 2,2ud (550n4/cm?), 1o omnoio eiva
VYPNAGTEPO OE CLYKPLOT) e OAA Ta M Setypata.
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Figure 0.21 (a) Taon avoiktov kvkAwuatog (Voc) kat () pevua Bpaxvkvkiwong (Isc) yia
TpIfoyeVVNTPLES LE SLAPOPETIKT) OUYKEVTPwOT) ZnO.
1.6.3 Svunepacuarta

IMa v kaADTEpT KATAVONOT) TV ATTOTEAECUATWY, TAPATEUTIOVLE 0TI BEWPNTIKT AvAALOT) TOV

Niu et al. [14]. To Figure 0.22 Seixvel éva oyxnuatiko Staypappa pag teifoyevvhTplag mov
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aroTeAEITAL ATTO SVO SINAEKTPIKEG eMPAVELES KAL TA NAEKTPOS1A TTOV EIVAL TPOCAPTNUEVA OTNV TLOW
mievpd twv dinAektpikwv. H TENG Aertovpyel otn Aettovpyia Stayxmpiopov emagng. ‘Otav ot dvo
TPIPONAEKTPIKEG EMUPAVELIEG BPIOKOVTAL OE ETTAPT), OTIG ETMPAVEIEG TWV SNAEKTPIKGOV elpavidovTal
NAEKTPIKA PoPTIA AvTIOETNG TOAMKOTNTAG, AOY® HETAPOPAG POPTIOL UETAED TV §VO VAIKWV. ZTnV
TEPITTWOT) pag N empavela ov PLA @opTtidetan Betikd, eveo 1 emepavela tov Kapton @optidetan

APVITIKA, AOY® TV S1aQOp®V 0TI NAEKTPAPVITIKOTNTES TWV SVO0 VAIKOV.

Charge amount at metal 1 (—Q)

Metal 1
+
d, Dielectric1 (PLA-ZnO, PLA-SIC)
i i e e e s e e i e i e i
+0o .
x(t) Air

-0

d, Dielectric 2 (Kapton)

Metal 2

Charge amount at metal 2 (+Q)
Figure 0.22 Zxnuatixko ¢ TpifonAekTpikng yevvniplag oe Aettovpyia Siaxwploiov exapng.
H taon mov avamtbooetat ot Sratagn Sivetal amo ) oxeon V-Q-x:

ox(t)

€o

Vi) = — S%) [do + x(D)] + (0.3)

omov Q eival n TOCOTNTA TOV POPTIOV OTN HETAAKI] €ma@r), ¢ €lval 1 TUKVOTNTA TOU
ETPAVELAKOV (POPTIOV OTNV EMUPAVELA TOV SMAEKTPIKQV, &, eivar 1 SlamepatoTnTa T0V KEVoy, S

elvan 1) empavela emaPng Letadd Tov Tprfoniektpikol (eliyoug kat dy Sivetar amo v eglowon:

d d
dy = —+—2 (0.4)
€1 &2

'Omov dy,d, KA &4, £ €LVAL TA TTAXT KAl O1 OXETIKEG SINAEKTPIKEG 0TADEPES TV SINAEKTPIKDV
OTPWUATOV 1 KAl 2 avTioToya. TNV JTePintmorn pag omov 1o Kapton® ypnoipomoleitan wg
nAektpodio avapopdag kal to ovvOeto PLA wg evepyd niektpodio, ot Tiueg eivan:id, = 75um, &, =

3,d, = 390um. H iun yua &, e€aptatal asmo to cuvOeTo viomapioua.
Evalaxtika, n e€lowon (0.3 ) pmopel va ypagel otn poper):

Q

V() = -
CTENG

+ Ve (0.5)
omov CTENG eivat nj ouvoikr) xwpntikotnta tov TENG mov Sivetan and v e€iowon (0.6 )

c _ Seg
TENG ™ Tdg + x(0)]

Kau V. eival n 1on avolktov KUKA@UATOG OTtwg opidetan otnv e€iowon ( 0.7)

(0.6)
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_ o-x(t) (07)
E0

oc

To Figure 0.24 (a) Seiyvel pa ovykplon TnNg TAONG AVOIXTOU KUKA®UATOG V. kAl TO pevpa
Bpayvkvkhwong I, Tov TENGs pe Tig Stapopeg ovykevipmoelg SiC kat ZnO. BA&movpe 6Tt kaBmg
av&avetar n ovykevipwon SiC kat ZnO n V. xat to Isc evioyvovtal Kal oTig S0 MePUTTOOELS. XNV
TPAYLATIKOTNTA, Yia T0 PLA pe mpooén SiC, V. kau I, avavovtat kata 42% kal 48% avtiotoya
o€ oUYKP1oT UE TO un vromaplopnevo PLA kaBag n ovykévrpwon aviavetal oto 1,5wt%, eve yia to
PLA pe vromapiopevo ZnO n avénon eivar 44% kat 69% avtiototya kabwg 1 OLUYKEVIP®OT avEavetat
010 2%. ITapdpola ouuIEPLPOPA TAPATNPELTAL KAL YIA TN LEYIOT 10XV LE TNV avgnon va etvatl 280%

kat 188% avtiotoiya.

Mia tetowa ovumepipopa pmmopel va amodobel ot BeAtioon ™G XwpnTIKOTNTAS/ SINAEKTPIKNG
otafepag tov doped-PLA Aoyw Tng €0aymyng TANPOTIKOV VAIKOV (Hikpo/vavoowmuatidia) pe
vypnAotepn SinAektpikr) otabepd oe ovykpilon pe 1o PLA [15]. 'Exel amoderyBel o nj ovpmepiAnyn
TANPWTIKOV VAIKOV 0€ €va OUAEKTPIKO WITOPEL va evioyLoel To TPIPOoNAeKTPIKO onua. Avto
OPEIAETAN OTO YEYOVOG OTL TA VAVOOWUATIOW pe vypnAoTepn SinAekTpikn otabepd oe CLYKPIOT) UE
Tov EEVIoTN, O0Tav S100K0PMOTOVY 0T KUPLo VAKO, Ba AE1TOUpYTI00LY WG UIKPOTTUKVMDTEG. Me TV
TTAPOLOIA NAEKTPIKOL mediov, popTio Oa ovoowpevtel 0N Stemeaveld Twv cwpatdiov, odnymvtag
o€ SlemPavelakn TOAwaoN Kal VioyLon NG TUKVOTNTAS ETMPAVEIAKOD (POPTIOV TOV SINAEKTPIKOV

otpwuatog[16] 6mwg paivetar oty Figure 0.24.

© 0-0-00 [

- Dielectric Layer

Conductive Layer

Figure 0.23 Schematic diagram of internal interface polarization in TENG dielectric layer thin films
doped with dielectric/conductive nanoparticles, inspired from [16].

| +
I+

EmutAéov, n mapovcia avtev twv oouatidinv 0a avnoet tig SinAektpikeg 1610t teG TOL CLVOETOV
vAoL. 'Exel amodeiybel Oewpnmikd 0T 1 ovumepiAnyn cwpatidiov e vYnAotepn SuAEKTPIKT)
otaBepd amo ™ unTpa vrtodoxng, Ba avénoel T dinAekTpikn otabepd, aveEApTnTA ANO TO CXNUA
Twv oopatdiov[17]. Ot avagpepoueveg TipEg yia T SinAektpikn otabepd tov PLA kupaivovtal amo
2,5 ewg 3,11 [7], [8], n omoia eivan toAD xaunAotepn o€ ouykpion pe m SinAektpikn otabepd tov SiC
70V elvar oxedov 15 ot pop@r) okovng tov[9] kat yia ta vavoowpatidia ZnO mov eival mepimov
10[18]. A7t Vv voevonta 1.5 amodeifaue 6T n ovumepiAnY” cwpatidiov SiC avavel povotovika
™ SinAektpikn otabepd Tov oUvOeTtov LAKOL @Tavovtag v Tiun 3,9 yia to PLA pe npoouién SiC

3wt%. ITapopola astoteAéopata avauevovtat kat yia 1o PLA pe tpooi€n Zn0O. Avtn i) av€non g
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SinAektpikng otabepdg avENOE ONUAVIIKA TNV JUKVOTNTA TV (POPTI®V IJIOV UITOPOLV vd
OLOOMWPEVTOVV OTO CULITOAVLEPES KATA TN Slapkela g Quotkng emagng[19]. Amo to Figure 0.24 (a)
kal Aaupavovrag voyn v efiowon ( 0.6 ) UITOPOUUE VA CUUTEPAVOUUE OTL T) JUKVOTTA
EMPAVEIAKOV (POPTIOL yia Ta Setypata pe mpooui€n 1,5wt% SiC kat ta Setypata pe mpoouén 3wt%
ZnO eivan avénuévn oe obLykplon pe Tto un smpoopyuévo PLA @Bavovrag oe mun 2,65uC/m?

ko 4,86uC /m? avtiotorya.

60 T T T T 3.0 T T T T

50 4

251 Il sic

40+
Q

(=] -
>30

204

0.0 05 1.0 15 2.0 25 3.0 0.0 05 1.0 1.5 2.0 25 3.0
SiC/ZnO concentration (%) SiC/ZnO concentration (%)

(0) ()

704 Hl sic
I 20

0.0 05 1.0 15 2.0 25 3.0
SiC/ZnO concentration (%)

(€9)

Figure 0.24 (a) Taon avoixktov kvkAwouartog kat () pevua fpayvxvxiwong kat (y) woxvg twv TENGs ue
116 Stapopeg ovykevipwoelg SiC kat ZnO.

'Eva &\\o onpueio mov mapatnpovue ano Figure 0.21 gival 11 Stapopetikr] cupmepipopa Hetady
Twv VAK®V pe mpoouEn PLA. ITapatmpovpe ot yia ta Seiypata pe mpoobnkn ZnO 1o
TPIBONAEKTPIKO onua ouvveyidel va avEavetal Kabmg 1 CUYKEVIpwON aviavetal oto 3wt%. Ztnv
TPAYUATIKOTNTA, 1) TACT AVOIXTOU KUKAMUATOC, TO PEVUA PpayukUKA®ONG kal 1n oxvg £§0dov

av&avovtan Katd 265%, 177% kat 741% avtioTtotya, oe oUYKPI0T) U TO 1) VIoTapiopevo PLA.

Q01000, T0 PLA pe tpoouién SiC ovpmepipepetar pe Siapopetiko tposmo. To tpifonAekTpiko onua
@tavel oe eva peyloto (oto 1,5wt% otV MEPIMT®WON HAC) KAl 0TI OUVEXEIA LEIWVETAL KAOMG N
OUYKEVTpwOT avavetal oto 3wt%. Ia va KATtavoroouue KAAUTEPA AUTH TN CUUIIEPLPOPA,
Aaufdavovpe LTOWPN TOVG UNXAVIOUOVG 7ov  enmmpedadovv To TplfonAektpikd onua. Ia ta

vronapopéva Seiypata PLA, vmdpyovv o aviaywviotikol pnyaviopoi sov kaBopilovv 1o
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tp1BonAekTpiko onua: (a) to vromapiopa pe ta oopatiola SiC kat ZnO, ta omoia o8nyovv o avénon
TOU TPPONAEKTPIKOD OTUATOC AOY® TNG AUENUEVNG SNAEKTPIKNG 0TaBepdg/XwPNTIKOTNTAS TWV
VIOMApoUEVOVY Setypuatwv PLA, 0nmwg avaAtfnke mapamave, kat (f) n adfnon g empaveiakng
TPAXVLTNTAG, 1) 07T0la 08N YEL O€ LEIWOT] TOV TPIRONAEKTPIKOV OT)UATOG AOY® TNG LEIWOTG TNG EVEPYOV
EMPAVELAG ETTAPTIC LETASL T®V SV0 TPIRoNAEKTPIK®V empavelwV. 'Onmwg exel mpoavapepOel, katd
NV mpoeTolpacia ta Setypata yvaAdiomkav pe Aetavtiko xapti SiC yia va peiwbel n emeaveiaxn
TPAXVTNTA TNG TPIOOIAOTATA EKTUMWUEVNC ETPAVEIAG. AVTO EXEl WG QTOTEAEOUA 1A OYETIKA
XOUNAT) TIUT) TNG EMPAVEIAKNS TPAYVTNTAG. ATTO TIG LETPTIOEIS TOV OTITIKOD TTPOPIA, EKTILOVUE OTL TO
HECO TETPAYWVIKO VYOG eival Hikpotepo amo 0,3 um. Qotoco, kabwg 1 ovykevtpwon tov SiC otn
untpa PLA av€avetal kata 3wt%, 1 empavelakn tpayvnta aviavetal katd 33%, ebavovtag oe
Tiun 0,41 um. AuTtd €xe1 WG ATOTEAECUA T UEIWOT) TNG ETMPAVELAG ETTAPTIC TTOL 00N YEL 0€ peiwon Tov
tp1BonAekTpikov onuartog. Avtifeta, yia 1o PLA pe mpooOnkn ZnO, ol HeTP)OEIG OTTIKOV TIPOPIA
Seiyvouv 0Tl 1 evowuatwon oouatidinv ZnO oto PLA Sev ennpeddet v em@avelaks) ipayLTnTa.
AvTo pmopel va amodoBei oto pikpotepo peyebog twv vavoowpatiSiov ZnO kabamg kal 0To yeyovog

0Tt 10 ZnO eivat TOAD 110 HaAaKO og oUYKpLon He To xapti Aetavong SiC.

H peiwon tov Tp1fonAektpikol onuatog AOym NG QAUENUEVNG EMPAVEINKNG TPAXVTNTAG
ovppwvel pe ta Pipaoypagika amoteAéopata. Kumar et al.[20] Siepevvnoav v emidpaon g
Tuyaiag ToALSIACTATNG EMPAVELAKTC TPAXVTNTAC 0TO TPIPoNAeKTP1KO onjua Twv TENGS. Ot ev AOyw
epevvnteg aventuéav TENGs pe Baon Stapavn pika oe enagn pe tolvfivviociroéavio (PVS) pe
Srapopewuévn em@avelaxn tpayvTnta. Me ) BornOeia piag véag in situ 0mrmikng Texvikng, Lropecav
Va EKTIUNOOVV AUECA TNV EMPAVELA ENAPNE WG CLVAPTNOT NG TpayLvTntac. [lapat)pnoav o,
kaBmg avavotav n tpaylTa, aviavotav kal o TpionAekTpiko onua kabwg kai n amodoon eE08ov
tov TENG, Aoy tng peiwong tng mpayuankng emeavelag emagng. [apopola amoteAéopata
mpogkuypav amod Toug Wen et al.[21] o1 omtoiot Siepetiviioav, 1000 BewpnTikd 000 KAl TEIPAUATIKA,
éva TENG Stayxwpiopod ema@ng aywyou-SiAeKTPIKoD yia TNV AviXvevon Tng TpayymTag Twv
empavelnv VAIk®v. H peiwon tov tpifoniektpikov onuatog yia SiC pe mpoo€n PVDF &xetl emiong
avagepBel o Pipaoypagia amo tovg Shafeek et al.[22]. Ot ev Adyw epevvnteg Siepedvnoav v
enidpaon twv vavoowuandiov SiC onig tpifonAektpikég 1510 TEg £VOG VaAvooUvOeTOL VAKOV ato
@Boprovyo moivPivuridio (PVDF) / kapfidio tov muprtiov (SiC). 'Edeiav 0Tt to tpifoniektpikd
onua pmopet va evioyvfetl onuavtikd oe cuykpion pe 1o mapBevo PVDF kaBmwg 1 ouykEVTpwoT) Tov
SiC aviavetatl €wg ko 6%. Q0TOC0, yia VYPNAOTEPES CUYKEVTPMOELS (9%) 1) AtdS00T) NG CLOKELT|G
TEIVEL VA PEIOVETAL. ATTESWOoAV AUTN TN LEIWOT 0TI CLOCWUAT®OT TV vavoowpatidinv SiC oty
emepavela twv pepPpavov PVDF pe amotéleopa m HEImOoT TG eMPAVEINS ETAPTG HETASD TOV

PVDF ka1 tov moAvauidiov mmov xpnolposmot)onke wg VAIKO avagopdag.

Diploma Thesis 23



1.6 Xapaktnpiopog Tpifoyevvntpiov

24 Stefania Skorda



Chapter 11

English Version

Diploma Thesis

25



26

Stefania Skorda



2 Introduction

2 Introduction

Triboelectric energy harvesting has emerged as a critical alternative method for converting the
abundant mechanical energy that surrounds us into useful electricity that can power electronic
devices and systems. Following the discovery of the triboelectric nanogenerator (TENG) by Zhong
Lin Wang's team [1], there has been an exponential increase in research activity around efficient
triboelectric energy harvesting using various materials and technologies [2], [3], [4]. The ability of
triboelectricity and electrostatic induction to work with almost any combination of materials
highlights the challenge of finding ideal materials to maximize the triboelectric response. The
emergence of 3D printing [5] as a cost-effective manufacturing process, which allows the production
of a variety of structures with minimal material waste and shortens production time, makes it
reasonable to develop triboelectric devices based on this technology for self-powered electronic

systems[6].

Polylactic acid (PLA), a recyclable, biocompatible and biodegradable natural thermoplastic
material produced from renewable resources, is widely used in the manufacture of triboelectric
devices. In this work, we develop PLA-based triboelectric nanogenerators and analyze the influence

of SiC and ZnO nanoparticles on their performance.

2.1 Energy Demand

The global energy landscape is undergoing a significant transformation, driven by the dual
imperatives of reducing carbon emissions and meeting the growing energy demand of a burgeoning
global population. This chapter delves into the anticipated energy market size by 2030, the role of
nanotechnology in advancing electronic devices, the integration of the Internet of Things (IoT) in

smart cities, and the deployment of sensors for optimizing renewable energy sources.

The global renewable energy market is on a trajectory of robust growth, projected to reach a
valuation of USD 2182.99 billion by 2030, growing at a compound annual growth rate (CAGR) of
8.50% from 2023 to 2032. This growth is underpinned by a concerted push towards sustainable
energy sources, driven by governmental policies, technological advancements, and increasing
environmental awareness. The Asia Pacific region is expected to dominate the market, fueled by

rapid industrialization, urbanization, and supportive government initiatives[23].

Diploma Thesis 27



2.1 Energy Demand

m“f“"” RENEWABLE ENERGY MARKET SIZE 2022 T0 2032 (USD BILLION)
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Figure 2.1 Renewable Energy Market Size 2022 to 2023 (USD) [23].

Nanotechnology is poised to revolutionize electronic devices, making them faster, smaller, and
more energy efficient. By manipulating materials at the molecular or atomic level, nanotechnology
enables the development of devices with enhanced functionalities and performance. For instance,
nanoelectronics, leveraging materials like graphene and carbon nanotubes, promises to significantly
improve the density of memory chips and reduce the size of transistors used in integrated circuits.
This advancement is crucial for the energy sector, as it leads to the creation of more efficient energy
storage systems and solar panels, thereby supporting the broader adoption of renewable energy

sources.

Energy harvesting presents a compelling solution to these challenges. By capturing energy from
ambient sources such as light, radio frequencies, and mechanical vibrations, energy harvesting
technologies can power IoT sensors without the need for conventional batteries. This approach not
only reduces the environmental footprint associated with battery use but also extends the

operational lifespan of IoT devices, minimizing maintenance and replacement costs.

For instance, RF energy harvesting, as discussed in the study on Zero Energy IoT Devices in Smart
Cities, demonstrates how IoT devices can be powered by harvesting energy from radio frequency

signals, enabling a self-sustaining ecosystem of wireless sensors within urban settings[24], [25].

Similarly, energy harvesting mechanisms reviewed in the context of smart cities highlight the
diversity of available sources, including mechanical vibration, electromagnetic induction, and
electrostatic energy, which can be harnessed to power IoT applications seamlessly integrated into

the urban fabric.
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Figure 2.2 IoT smart grid applications for intelligent urban computing [26].

As we approach 2030, the global energy market is set to expand significantly, with renewable
energy at its core. Nanotechnology, IoT, and sensors are instrumental in this transition, offering
innovative solutions to enhance the efficiency, reliability, and sustainability of energy systems. In
order to advance the promising fields of WSNs and the Internet of Things, especially the IoT devices
needed to complete intelligent cities, a variety of ambient energy sources exist in the human
environment and might be studied. This work discusses the common sources of energy that can be
collected. Energy is easily obtained near the application because it is present practically everywhere
there are natural sources such as vibrations, daylight, heat, wind, radio frequency, water, or any other
type of naturally existing source. By doing this, it will be ensured that the EH plans for the shining
city reap all of its benefits, such as minimal maintenance costs and quick answers to multiple
requests from various city zones. The synergy between these technologies and renewable energy
sources not only addresses the growing energy demand but also propels us towards a more

sustainable and environmentally friendly future.

2.2 Energy Harvesting

The new 5G and big data era, marked by the rapid expansion of wearable and portable electronics,
has been brought about by the development of the Internet of Things (IoT) and wireless data
transmission systems. Consequently, the spread of dispersed Internet of Things sensor nodes that
integrate with our bodies and surroundings is changing the way we traditionally interact with the
outside world. For instance, tactile and pressure sensors are incorporated into gloves, socks, and
mats to detect human gestures and motions in order to build human-machine interfaces and
humidity and gas sensors are placed in both wearable and portable devices to furnish information

related to human motion and healthcare.
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The dynamo, created in 1831 by Michael Faraday and able to transform kinetic energy into
electrical energy, was one of the earliest examples of energy harvesting in use. Nonetheless, the
development of the water and windmills is likely where energy collecting got its start. The scientific
community has been interested in energy harvesting ever since. These days, energy conservation and
the use of renewable resources have drawn increased funding and attention from researchers to

make society more ecologically friendly.

The good news is that there are many different types of abundant energy available to us in our
surroundings. For example, human kinetic energy, wind energy, thermal energy, solar energy, etc.,
can all be transformed into electrical energy through the use of hybrid architectures that power
distributed wireless sensor nodes in phases using electrostatic, electromagnetic, piezoelectric,

thermoelectric, pyroelectric, triboelectric, and photovoltaic effects, as illustrated in Figure 2.3 [27].

Figure 2.3 An overview of the various energy sources that can be used to power self-sufficient systems
using various energy conversion techniques [27].

Today, to be more environmentally friendly, renewables and energy saving have gained more
attention and resources at the research level. Moreover, the recent development of microelectronic
technology has managed to reduce energy requirements, making renewable sources (wind,
hydrothermal, solar, etc.) viable options as primary energy sources. More broadly, the term energy
harvesting recommends the creation of energy autonomous electronic devices to operate a variety of
wireless applications. Energy harvesting is the process of collecting and modifying any form of
energy derived from the environment into a source of electrical energy. Common energy harvesting
systems include car tire pressure monitors, wireless weather stations, implantable medical devices,
traffic alert signals, Mars nodes, WSN (Wireless Sensor Network) nodes, IoT (Internet of Things)

devices, etc.
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There is an abundance of energy available in the environment in different forms, which can be
harnessed to create an energy self-sufficient device as shown in Figure 2.4. The main forms of energy

are:

e Mechanical energy in the form of vibrations, stresses and deformations, e.g. air movement,
waves at sea, etc.

e Thermal energy from furnaces, combustion engines and other heat sources.

¢ Electromagnetic energy in the form of solar radiation or RF (radio frequency) radiation.

e Human energy from metabolic activities within the human body, even at rest.

Energy
Harvesting

Application
Field
—

Working

Principle

............................................................

- S ...... - S _______ )

Photovoltaic Seebeck EectoNEnetc Electromagnetlc Electrostatic Piezoelectric
: ] (RF) (Mechanical) 1

.......................................................................................................................................................................

DC Output AC Output
Figure 2.4 Tree of the principles and fields of energy harvesting applications (Inspired from [28]).

The energy from the energy sources mentioned above can be captured and converted into
electrical voltage and current, depending on the requirements of low-power electronic devices and

WSNs applications.
2.2.1 Energy Harvesting Systems

Energy harvesters, on the other hand, have been the subject of years of scientific literature as
essential parts that can be incorporated into sensor nodes to realize energy conversion [40].
Significant progress has been achieved in raising their energy output under various conditions.
Microelectromechanical system (MEMS) technology has advanced rapidly since the mid-1900s. This
has led to the development of a number of miniaturized sensors that are used in environmental
monitoring, healthcare, and industrial automation. Additionally, MEMS electrostatic,
electromagnetic, thermoelectric, and piezoelectric energy harvesters are among the miniaturized
energy harvesters that have been produced. The advantages of these MEMS, or microscale energy
harvesters, include their tiny size, ease of mass manufacture, and compatibility with wearable and
portable electronics. However, in 2012, the group of Prof. Z. L. Wang developed the triboelectric

nanogenerator (TENG) as an example of a nanoscale energy harvester, based on contact
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electrification and electrostatic induction. Since then, there has been a great deal of interest in TENG
research all over the world, with numerous studies focusing on different aspects of this technology,
including energy density, structural improvements, stability, biocompatibility, surface modification,
circuitry design, and overall system integration. TENG is a promising biomechanical energy
collecting power source for wearable and implanted electronic devices because of its broad range of
accessible materials. Micro-nano energy harvesters are a potential technology for low-power
distributed IoT sensor nodes, even though their energy production is not as high as that of
conventional large-scale energy harvesters. Firstly, micro-nano energy harvesters can be directly
integrated into Internet of Things sensor nodes due to their tiny size. Moreover, different ambient
fragmented energies can be converted into electrical energy by micro-nano energy harvesters,
enabling IoT sensor nodes to function. Finally, micro-nano energy harvesters may be mass-produced

to fulfill the energy requirements of large IoT sensor nodes due to their low fabrication costs.

Depending on the type, quantity, and source of energy being transformed into electrical energy,
energy harvesting can take many various forms. In its most basic configuration, the energy
harvesting system needs the following three essential parts in addition to an energy source, such as

heat, light, or vibration.

Energy Generated [} Power
Energy Dissipated [ Management
Controls
Thermoelectric ]\
Photovoltaic ‘ _]_‘ \
& — >
-
Piezoelectric > Q‘Q
Conversion  Energy Electronic
Harvesters N
Circuit(s) Storage Load

Figure 2.5 Basic Components of an energy harvesting system.

The basic components of an energy harvesting system are:

e Transducer/harvester: This is the energy harvester that collects and converts the energy from

the source into electrical energy. Typical transducers include photovoltaic for light,
thermoelectric for heat, inductive for magnetic, RF for radio frequency, and piezoelectric for

vibrations/kinetic energy.

e Energy storage: Such as a battery or super capacitor.

e Power management: This conditions the electrical energy into a suitable form for the

application. Typical conditioners include regulators and complex control circuits that can

manage the power, based on power needs and the available power.
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3 Triboelectric Generators

3.1 Introduction

Static electricity is a phenomenon known since antiquity that usually occurs when two surfaces
rub together or come into contact and move apart. This phenomenon is usually due to the transfer
of charges from one surface to the other, or to the polarization of atoms or molecules, depending on
the nature of the materials being rubbed. The result of this process is the appearance of a charge that
is uniformly distributed if it is a conductor or localized in the friction area in the case of non-
conductive materials. Static electricity has always been an undesirable phenomenon because it can
cause serious accidents and disasters. These are due to the electrical discharges caused when there
is a potential difference with the charged surface, making the phenomenon very dangerous in

industrial environments where the risk of ignition is real.

In order to prevent ignition, vehicles transporting combustible or volatile chemicals must also be
appropriately discharged. Additional instances include static loads produced by airplanes during
flight that obstruct radio frequency transmission. Static charges have the potential to harm
integrated circuits (CMOS) and transistors (MOSFETSs) on a lesser scale. However, because the
induced current is extremely brief and safe for humans, it is not a particularly threatening occurrence
when we come into close contact with it daily. Industry and technology have conducted a
considerable deal of study to reduce these phenomena and improve the safety of their applications
because they are believed to have only negative impacts. Modern scientific research, however, has
reinterpreted the significance of these electrostatic events by emphasizing their practicality and
potential for future usage. This chapter goes over the triboelectric effect and how it can be used to
create triboelectric nanogenerators that can produce the energy needed to run an independent
system. The kinds of materials that might make good candidates for building these kinds of

nanogenerators are also mentioned, along with the four main modes of operation.

The research group of Zhong Lin Wang (Georgia Tech) developed the first triboelectric
nanogenerator (TENG), which was reported in January 2012 [1]. Additionally, this was the first
attempt to use the triboelectric phenomenon and electrostatic induction to transform small-scale
mechanical energy into electrical energy. When compared to other generators, triboelectric
nanogenerators' ability to function at low frequencies is their most significant characteristic. This
enables the energy from low frequency movements—such as walking, sea waves, air movement, and
human body movements—to be harvested. These movements are commonly available but also lost

every day.
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3.2 Triboelectric Effect

The triboelectric effect is the most common reason for the occurrence of static electricity. The
phenomenon is based on the contact of dissimilar surfaces, a charge donor and a charge acceptor.
When the two materials come into contact, charges are transferred from one material to the other,
and as the two surfaces separate, each material retains the electrical charge isolated from the gap
between them. If an external electrical charge (e.g. a resistor) is connected between the two
electrodes located at the edges of the surfaces, then a current flow will occur in order to balance the

charges.

Material (2)

Figure 3.1 Contact of triboelectric surfaces and connection of electrodes to a load.

Structures that exploit the triboelectric effect and are used as charging sources are called
triboelectric generators. The first devices to exploit the triboelectric effect were the Wimshurst

machine and Van De Graaf generator.
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Figure 3.2 The Van de Graaff generator and its working mechanism.

This generator basically consists of an electric motor that drives a rubber belt which in turn drives
insulated pulleys. The positive and negative charge generated is collected by the scallops located on
the lower and upper pulleys. A polished metal ball surrounds the upper collection pulley and
accumulates the charge on the ball. The sphere is mounted on a cylindrical insulating base that

supports the pulley system. This device is capable of generating a potential of many kilovolts but is
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not capable of generating electricity in a usable form. Its application is limited to scientific

demonstrations such as electrostatic attraction, simple particle acceleration, etc.
3.2.1 Triboelectric Series

The transfer of electrons from one surface to another, in relation to the different materials chosen
to exploit the triboelectricity effect, depends on their electrical polarity. Depending on how positively
or negatively charged they are, materials are charged appropriately, i.e., it is determined which
material will become negatively charged and which positively charged, based on their propensity to
accept or reject electrons. Some materials have a stronger tendency to retain electrons than others,
just as there are materials that seem to expel electrons more readily. An assessment of this potential

for materials is shown in Figure 3.3 through a defined triboelectric series for a variety of materials.
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Figure 3.3 Triboelectric series for some commonly materials following a tendency of easy losing
electrons(positive) to gaining electrons(negative).

I

The triboelectric series ranks different materials according to their tendency to gain or lose
electrons. It usually lists materials in order of decreasing voltage of positive charge (losing electrons)
and increasing voltage of negative charge (gaining electrons). In the middle of the list are materials
that exhibit neither of these two behaviors. Due to the complexity of experiments involving
controlled loading of materials, the research obtains tentative results in terms of determining the
classification of a material in the triboelectric series. This fact results from the multitude of factors
and conditions that affect the tendency of a material to be loaded. The selection of materials
according to the triboelectric series is relevant as the triboelectric surfaces are modified in various
ways to achieve optimum performance. In particular, the material of which a surface is composed
can be chemically modified using nanowires, nanoparticles, nano cubes, etc. in order to increase the
triboelectric charges. It is also possible for the surfaces to undergo changes in their morphology. That
is, the uniform surface structure is modified, forming relief areas which exhibit different behavior on
contact. In conclusion, the chemical and surface structure of the materials of triboelectric surfaces is
an important factor in determining the potential difference developed, the dielectric constant of the

materials and therefore the electrostatic induction.
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3.2.20perating Principle of Triboelectric Nanogenerators

Tribogenerators work on the basis of the combination of electrostatic induction and electrical
contact. The primary process that transforms mechanical energy into electrical energy is electrostatic
induction, which also produces statically polarized charges when electrical contact occurs. We
deduce that tribogenerators inherently display capacitive behavior as electrostatic induction is a
hallmark phenomenon of a capacitor. Charges transfer from one material to the other to balance
their electrochemical potential when two distinct materials come into contact. This process is known
as adhesion and occurs when specific portions of the two surfaces form a chemical connection. The
transferred charges may consist of molecules, ions, or electrons. As the bonded atoms separate, some
of them keep their excess electrons, while others tend to shed them, which could lead to frictional
charges on the surfaces. The movement of electrons to the electrode to balance the growing potential

difference is facilitated by the presence of triboelectric charges on the dielectric surfaces.

The working principle of TENGs, in terms of chemical bonds, is based on the phenomenon of
adhesion. When two surfaces come into contact with each other, a chemical bond is formed on some
parts and thus charges, electrons molecules or ions, move from one surface to the other in order to
balance their electrochemical potential. When the surfaces separate, the surfaces do not electrically
return to their original state. Some of the atoms in the materials retain the electrons they bound upon
attachment, while others tend to remove them, thus creating triboelectric charges on the surfaces. It
is the presence of these charges that is the fundamental phenomenon to which the operation of
TENGsS is due, since the triboelectric charges are responsible for the transfer of electrons to the

electrons attached to the surfaces in order to balance the potential difference that develops.

Existing circuit models describing a tribo-generator arrangement are based on the parallel plate
capacitor model. The behavior of a capacitor describes an electric field perpendicular to an infinitely
charged field such as resulting from Gauss's law.

_2 (3.1)
2¢

Whereas o represents the surface's charge density and the parameter ¢ indicates the surface's
electrical permeability, E is the uniform electric field created in a direction perpendicular to the
charging surface. The electric charge between two opposing charged surfaces will double between
the two charged surfaces, but it will be zero between the outside surfaces. This phenomenon explains
the typical behavior of a normal capacitor, which holds electrical charges with opposite polarity when
voltage is supplied to its electrode’s polarity. However, the electrodes that react to the induced
charges are linked to the opposite sides of the contact surfaces, but the surfaces that undergo the
triboelectric effect are those that are in contact. Consequently, the electric field is transferred through
the dielectric layers' thickness and is charged by the induced free charges at the dielectric-electrode
contact. However, since these regions are not situated between the frictionally charged surfaces, the

infinitely charged plane theory states that the total electric field acting within the dielectric layers
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and on the dielectric-electrode interfaces must be zero. Consequently, the polarization of dielectrics
and the induction of free charges on a tribogenerator's electrodes cannot be completely explained by

the traditional parallel plate capacitor model, which describes infinitely charged planes.

O T s R e s A0 o

+++++++F A F A+

Figure 3.4 Arrangement of triboelectric surfaces and development of electrical charges on the
surfaces.

In a typical friction generator structure, the spacing x (Figure 3.4) between the surfaces varies
with the mechanical force applied to the surfaces. The result of the contact between the materials is
the generation of opposing surface static loads. Then, upon separation of the surfaces the Q charges
will transfer from one electrode to the other to create a charge of opposite polarity on the two
electrodes, +Q/—Q. Therefore, the potential difference that occurs between the electrodes can be
described as the superposition of two different potential values. The first value characterizes the
potential difference of the polarized triboelectric charges V,(x), the second potential value denotes

the Q charges already transferred between the electrodes. As mentioned above in the case where no

triboelectric charges were developed the structure would be a simple capacitor with voltage %
where C(x) is the capacitance between the electrodes. In conclusion, the fundamental equation
describing the potential difference in any tribogenerator structure is obtained as:

_ Q] (3.2)
= @"‘Voc(x)

However, depending on the distance between the surfaces, the structure of the materials and the

4

movement way of the surfaces, equation ( 3.4 ) takes more complex forms for the expression of the

potential difference developed at the electrodes of the structure in question.
3.2.3Methods of Operation

The development of triboelectric nanogenerators (TENGs) is divided into four fundamental
modes of operation involving both the relative motion and the type of materials used. The modes of

operation of TENGs are:

e Vertical Contact- Separation Mode (VC-Separation Mode)
e Lateral Sliding Mode
¢ Single Electrode Mode

e Freestanding Triboelectric- Layer Mode
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Figure 3.5 schematically illustrates each of the triboelectric-layer modes of operation of the

triboelectric generator.

(a) Vertical Contact — Separation Mode (b) Lateral — Sliding Mode

+4++++ A+

++++++++

++++++++++++++ A+

(c) Single — Electrode Mode (d) Freestanding Triboelectric — Layer Mode
——
+++++++ +++++++++4+ 4+

++++++++++++++++++++
L\:al‘.ll

— —T

Figure 3.5 The four basic modes of operation of triboelectric nanogenerators: (a) Vertical contact-
separation mode operation (b) Lateral-sliding mode operation (c) Single-electrode mode operation
(d) Freestanding triboelectric-layer mode.

In this thesis, the vertical contact mode is used and will be described in more detail in the

following chapters.

3.2.3.1 Vertical Contact-Separation Mode

In this mode of operation (vertical contact- separation mode) the tribogenerator consists of two
surfaces of different dielectric material facing each other and two electrodes on the upper and lower
side of the resulting device. The two dielectrics come into contact and charges of opposite sign are
generated on their surfaces[29]. Their removal by the external mechanical force will create a
potential difference. To balance this potential difference from the triboelectric charges, free electrons

will flow between the electrodes[1].

Figure 3.6 and Figure 3.7 show the operation of a triboelectric nanogenerator with a vertical
contact-separation arrangement for the two cases of open- circuit and short-circuit respectively. In
the initial position (a) the two dielectrics are at a distance from each other and are therefore
uncharged and there is no potential difference. A vertical external force causes them to come into
vertical contact. Then, and according to the triboelectric series table, one dielectric will acquire a
positive surface charge and the other a negative one. Due to the insulating properties of the
dielectrics, the surface charge developed will be uniform over their entire area [14]. Also, dielectrics

in their entirety have the ability, when charged, to maintain their surface charge for quite a long time.
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Figure 3.6 Operating principle of the generator in vertical contact-separation mode (open-circuit
Voltage). (Image inspired from [30])

Because the charging takes place only on the friction surface of the dielectrics and because the
developing charges are equal and opposite, no potential difference will occur as long as the dielectrics
are in full contact Figure 3.6 (b). With the separation of the surfaces, the potential difference between
the electrodes also occurs under open circuit conditions Figure 3.6 (b). The open-circuit voltage V.
will continue to increase until the pairs return to the original removal position. The resistance of the
multimeter to which the device is connected shall be infinite so that no voltage drop is observed
across it. Consequently, the potential difference will decrease when the dielectric surfaces
immediately come back into contact with each other, resulting in its zeroing at full contact Figure 3.6
(f). In the case of short-circuiting the two electrodes, movement of the free electrons in the potential
difference state will be observed in the first removal, and the opposite movement of the electrons in
their re-contact. When full contact of the dielectrics occurs, the induced charges on the electrodes

are neutralized.
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Figure 3.7 Operating principle of the generator in vertical contact-separation mode (short-circuit
current). (Image inspired from[30])

The most important theoretical equation for explaining the real-time power generation of a TENG
is the relationship between three parameters: the separation distance (x) between the two

triboelectric charged layers, the voltage (V) between the two electrodes, and the amount of
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transferred charge (Q) between them [14]. This relationship is known as the V- Q- x relationship.
Depending on the materials utilized for the triboelectric pairs, the contact-mode TENG is mainly

divided into two categories: dielectric-to-dielectric and conductor-to-dielectric types.
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Figure 3.8 Theoretical models for (a)dielectric-to-dielectric contact-mode TENG and (b)conductor-to-
dielectric contact-mode TENG. (Inspired from [14])

As shown in the Figure 3.8, the two dielectrics with thickness d; and d, and relative dielectric
constant ¢, and ¢,, respectively are located opposite each other. On their outer sides metal layers
have been deposited to play the role of electrodes. The distance (x) between them varies under the
influence of an external force. Their inner sides, after contact, will develop equal and opposite surface
charges 0. Because they are insulators, these triboelectric charges will be evenly distributed on their
surface. Their removal, i.e., increasing (x) will create the observed potential difference and force the
movement of the free electrons of the electrodes. This results in the electrodes gaining a charge which

is denoted Q as defined in a previous paragraph.

Therefore the instantaneous charge of each electrode will be +Q and —Q correspondingly. The
relationship between the electrodes' voltage V, induced charge Q, and separation (x) between the
dielectrics is the most significant equation that can explain how this tribogenerator works. The
electrostatics laws provide the basis for this relationship, which is known as the V — Q — x equation.
We can assume that the electrodes have infinite dimensions because their size S is significantly larger
than the distance between them (d — 1.+, d — 2. +x), always in respect to the experimental approach.
We can assume that there is a uniform distribution of charges on the electrodes because of this
assumption. Similar to a capacitor, the electric field between the dielectrics and the air gap will also
include a component whose direction is perpendicular to the surface. Gauss's theorem implies that

the following relations determine the electric field at any given point:

Inside Dielectric 1:

Q (3-3)

Inside the air gap:
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_ % + () (3-4)
Eair - €
Inside Dielectric 2:
E, = — Q (35)
S€0Era

The voltage between the two electrodes can be given by

V = E;dy + E;D, + Egiyx (3.6)
Substituting the equations ( 3.3 )-( 3.5 ) into equation ( 3.6 ), the V — Q — x relationship for the

dielectric-to-dielectric TENG in vertical contact-mode is given by

V:_£<ﬁ+ﬁ+x(t)>+03€(t) (37)

Seo\&1 &2 €o

The active thickness constant d, as the sum of the thickness of the individual dielectrics between

the electrodes to their respective relative dielectric constants. This is
d, d .8
dy = h, % (3.8)
&r1 &r2
So, the V — Q — x relation for the TENGs can be defined as

ox(t) (3.9)
€0

Q
V=—-—(dy+x(®)+
S ( 0oTX ( ))
The following are the relations describing the characteristic parameters of the tribogenerators.
The voltage as obtained for Open Circuit Voltage V.

B ox(t) (3.10)

oc

€o

The transferred charges at short circuit condition where V = 0 are given by

_ Sox(t) (3.11)
Ose = do + x(t)
Sadyv(t) (3.12)

T (do + x(0)
And the Capacitance can be given by

oo &S (313)
Voc  do +x(t)

3.2.3.2 Lateral Sliding Mode
For the description of this mode we consider a tribogenerator of a structure similar to that of the

vertical contact-separation mode. The two surfaces are subjected to a horizontal force and parallel

sliding occurs resulting in triboelectric charges. The transverse polarization that develops along the
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slip contributes to the flow of electrons across the two electrodes of the materials in order to

compensate for the field created by the triboelectric charge [31].

Metal 1

x Dielectric1,d,
17 9P 9F AP a8 9P AP Ar
g

Dielectric 2,d,

Metal 2

Figure 3.9 Lateral Sliding Mode.

The amount of charge transferred to the electrodes will be Q. The equation V — Q — x can be
derived by making the assumptions that the length [ is greater than the thickness of the dielectrics
d, and d, and that the lateral displacement x is less than 0.9/ to ensure the parallelism of the plates.
To do this, the capacitance C (x) must be calculated. The capacitance between the overlapping regions
will be the dominant component of the total capacitance since the thickness of the dielectrics is
sufficiently less than the length until they are completely separated. The equation is derived from

that for a capacitor with parallel armature:

C=%WG—X) (3.14)
do

Where d, is the active thickness constant. The open circuit V,, voltage will be calculated by
simultaneously calculating the load distribution. With minimal error we can consider the metal
plates infinite which ensures that the load distribution will be uniform. In addition, the surface
loading in non-overlapping regions is defined as o. In overlapping regions the surface density is
assumed to be zero. The ideal load distribution for each region will be: For the non-overlapping area

on the bottom electrode:

p=0 (3.15)

For the overlapping area on the lower electrode:

ox (3.16)
1—x

p=-
For the non-overlapping area of the upper electrode:

p:—o’ (317)

For the overlapping area of the upper electrode:

__9x (3.18)
1—x

So the V — Q — x relation for the lateral-sliding friction generator will be the following:

p

- 1 Ly = dy 4 odyx
B CQ oc ™ Wso(l—x)Q g (1 —x)

(3.19)
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3.2.3.3 Single-Electrode Mode

In cases where it is not possible to electrically connect any of the parts of the tribogenerator to the
load, the single-electrode method is applied. The equivalent electrical circuit corresponding to the
method describes the electrode of the device grounded. If the size of the device is finite, then placing
or removing material in the device causes a change in the distribution of the electric field generated
during electron flow. The single-electrode method can be performed in vertical and parallel
configurations. The determination of V — q — x is similar in form to the sliding lateral and vertical
contact-separation modes, except that the structure consists of a dielectric surface (Figure 3.10).

Therefore, the difference is geometric as the thickness of the single dielectric surface is omitted[1].

Vertical Operation

d t

V= ¢ (—2+x(t))+ax() (3.20)

S ° 80 81‘2 80
Parallel Operation
TRy Vo R o)
V= 22) 4+ = (3.21
w(l —x)&g \&ry go(l —x) \&py 3:21)
)

Dielectric 1

x(t)

Charge Amount (¢S — Q)

I Primary Electrode |_|

External
9 I Air

Circuits
| Reference Electrode

Charge Amount (Q)

Figure 3.10 Vertical single electrode operation with the electrode grounded through a circuit element.

3.2.3.4 Freestanding Triboelectric- Layer Mode
A moving object in the environment, such clothing or shoes, is typically charged by contact with
the ground, air, or other things. Hours can pass while electrical charges are on the surface without

needing to come into touch with anything or cause friction.

A dielectric surface and two symmetrical electrodes make up this technique. The electrodes'
breadth and the spaces between them lie in the same plane as the item in motion. The flow of
electrons between the electrode surfaces is caused by an asymmetric charge that forms on the
material surfaces while the object is in motion. Because of the oscillatory mobility of the electrons,
an alternating output is created between the two electrodes. Furthermore, free rotation is allowed

without the need for any mechanical contact because the moving object's surface is not in direct
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touch with the upper dielectric surface of the electrodes or subjected to direct friction. Furthermore,

the dielectric material's surface remains unchanged[1].
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Figure 3.11 Freestanding Triboelectric- Layer Mode Function.

3.2.4Applications

Since 2012, when the first triboelectric nanogenerator was developed, a multitude of
tribogenerators have been developed to harness energy from the movement of the human body, from
various vibrations, wind and sound movement, water movement, as well as tribogenerators for

autonomous systems and sensors.

Below are examples of the various applications of triboelectric nanogenerators as developed to

present.

3.2.4.1 Harvesting Body Motion Energy
Ryu et al. [32] made commercial coin battery-sized high-performance inertia-driven tribo electric
nanogenerator (I-TENG) based on body motion and gravity. They demonstrated that the enclosed

five-stacked I-TENG converts mechanical energy into electricity at 4.9uW /cm3.

BN sn=6.33cm] C (ii)
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Figure 3.12 (a) image of a walker with a ~6 cm vertical displacement. the 30-cm scale bar. (b) The
surface SEM picture of the surface-modified PFA layer and the schematic image of the I-TENG. the 5um
scale bar. (c) The I TENG's standalone unit's operating mechanism. (d) Image showing a commercial
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coin battery and stacked I-TENG.. (e) Images of the power management system's 1 centimeter scale bar
[32].

3.2.4.2 Harvesting Vibration Energy
Lee et al [33] created a multi-modal human emotion recognition system that combines data on
verbal and non-verbal expressions to effectively use comprehensive emotional information. This

system consists of a customized skin-integrated facial interface (PSiFI) system, which is easy to use,

flexible, transparent, triboelectric strain, and vibration sensor. For the first time, this system allows

PSiFI

us to sense and combine data on both spoken and nonverbal expressions.
Personalized
Skin-integrated

Facial Interface ' . ‘ \ ’ ‘%
. g@ ‘X ) Personalized Mask Design

Facial Mask & Fabrication 3D Face/Reconstriction
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CNN-based Classification

Facial J 1=

Strain Signal | J
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Figure 3.13 A schematic representation of a customized skin-integrated facial interface (PSiFI) that
incorporates deep learning classifier for speech and facial expression detection, data processing circuit
for wireless communication, and triboelectric sensors (TES) [33] .

3.2.4.3 Harvesting Wind Energy

Gao et al. [34] created a structure-based triboelectric-electromagnetic- piezoelectric hybrid
generator (SS-TEPG) with the innovative strategy appropriately integrates suspension and damping
structure for jointly achieving high efficiency wind and vibration energy harvesting with vibration
attenuation function, consisting of a wind-driven triboelectric-electromagnetic hybrid generator
(WD-TEHG), a vibration-driven piezoelectric energy generator and damper (VD-PEGD), and a

spring-based energy dissipation structure.

Suspension cablé ﬁ<— Suspension cable

SsSsSsSsSsSESS | Piezoelectric sheet --Fmg ™=
- Spring rod
<«— VD-PEGD | Spring-based energy -«— Mass block
: Y

dissipation structure- 'j """""

‘1_2“.-‘{ I Magnets ﬂ— Central shaft
H I
-‘ Cu electrode <4— Stator
<«—— WD-TEHG I
|

| e I gl g «— Rotor
1 > I
I If ______ %
| / : ______________ <«——Wind cup
1

Figure 3.14 Diagrammatic construction of the hybrid generator made up of the WD-TEHG and VD-
PEGD [34].
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3.2.4.4 Harvesting Blue Energy

Gao et al. [35] presented a novel idea that seeks to create a wave-energy harvesting protective
layer in order to turn wave scouring damage into chances for improving marine structure protection
technologies. Based on its essential function in inhibiting ion diffusion, this innovative protective
layer combines an X-shaped triboelectric nanogenerator (X-TENG) with a surface protection

coating, efficiently buffering wave forces and turning wave energy into electric energy.

Cathodic Protection

Figure 3.15 Design and fabrication of the X-TENG and the multifunction protective layer, and the
function of the multifunctional protective layer [35].

3.2.4.5 Applications in Self-Powered Systems and Processes

A large-area multiplexing self-powered untethered triboelectric electronic skin (UTE-skin) with
an ultralow misrecognition rate is provided by Shao et al. [34]using an electrical signal shielding
technique. The development of an omnidirectionally stretchy carbon black-Ecoflex composite based
shielding layer ensures low-level noise in sensing matrices by efficiently attenuating electrostatic
interference from wirings. Demonstrated are deformable human-machine interfaces, intelligent
insoles for gait measurement, and smart gloves for tactile identification. This work represents a
significant advancement in haptic sensing by providing answers for the difficult problem of large-

area multiplexed sensing arrays.

stretchable
keyboard

elastic shield layer
—>

~ elastic smart
——— triboelectric insole
5 layer g

smart
gloves

robotic S
circuits triboelectric skins
skins
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> /% selectrodes . _
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Figure 3.16 Schematic design of the untethered triboelectric electronic skin (UTE skin) [34].

46 Stefania Skorda



4 Development of PLA filaments

4 Development of PLA filaments

4.1 Synthesis of PLA

In this thesis, the primary matrix material utilized was Polylactic Acid (PLA), specifically
REVODE 101 (Luminy L175) [36], supplied by Total Corbion PLA, Thailand. PLA in general is
considered a recyclable, natural thermoplastic polyester that is produced from renewable resources.

PLA is routinely used in 3D printing due to its low cost compared to other thermoplastics, while also
being very forgiving during the printing process.

Moreover, PLA is biodegradable under certain conditions, bio-compatible, non-toxic and does not
contribute to environmental pollution [37]. PLA printed structures can be recycled, although the
mechanical properties of the recycled parts may differ from the original material [37]. Regarding its

mechanical properties PLA has relatively high strength although its rigidity is moderately low [38].

PLA’s applications span from biodegradable packaging to medical devices, reflecting its versatility

and eco-friendly nature.

According to used PLA’s data sheet, its typical (physical & mechanical) properties are shown in
Table 1.

Table 1 Physical and Mechanical Properties of REVODE 101 (Luminy Li175) [36]

Properties Values Units
Density 1.24 g/cm3
Glass transition temperature 60 °C
Melting point 175 °C
Stereochemical purity > 99 % (L — isomer)
Residual monomer < 03 %
Water / moisture < 400 ppm
Tensile modulus 3.5 GPa
Tensile strength 50 MPa
Specific heat 1800 J/Kg°K
Elongation at break <5 %
Charpy notched impact, 23 <5 kJ/m2
Heat Deflection Temperature, amorphus 60 °C
Heat Deflection Temperature, crystalline 105 °C
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Polylactic Acid (PLA)

PLA (Figure 4.1) is an aliphatic polyester that is made from starch that is taken from renewable
vegetable sources like potatoes and corn [38]. The glucose is then fermented to produce lactic acid,
which is then further polymerized. PLA is completely biodegradable, strong, and has exceptional
biocompatibility. After decomposition, carbon dioxide and water are the final products. It is
therefore non-toxic and does not pollute the environment [46]. PLA's stiffness is low despite its great

integral characteristics and high strength (Table 1).

Figure 4.1 Chemical Structure of polylactic acid (PLA) [38].

PLA is an aliphatic polyester that possesses minimal shrinkage, strong mechanical processing
performance, and the essential properties of popular polymer materials. It is extensively utilized in
the production of biodegradable medicinal items, household appliance shells, and packaging
materials: Airless water bottle, fresh juice bottle, cosmetic bottle; blow molding: dessert container,
tray, cup, coffee capsule; composite: wood, PMMA, PC, ABS; fiber extrusion: apparel, tea bags;
injection molding: containers, disposable tableware; This material's diversity pertains to all highly

interesting 3DP undertakings[38].

Silicon Carbide (SiC) doping

To augment the mechanical properties of the PLA matrix, Silicon Carbide (SiC) powder, provided

by Struers, USA, was added. With a specified grain size of less than 1200 nanoparticles per cm, i.e.

lcm
1200

= 8.3um size, SiC introduces exceptional hardness, thermal conductivity, and resistance to

thermal shock into the composite. This inclusion leverages SiC's applications in high-performance
environments, including abrasives and semiconductors, enhancing the composite's utility in
demanding applications [39]. In addition, SiC is a semiconductor and is being developed as a

potential replacement for Si in high-temperature electronic applications.

Although it is rarely encountered in nature, silicon carbide is present in the mineral moissanite.
It is created artificially via a process known as the Acheson method, after Edward G. Acheson, who
invented it [40]. An electric resistive furnace is used to combine pure silica (Si0,), also known as

quartz sand, with finely ground petroleum coke (carbon), and heat the mixture to a temperature that
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is escalated to between 1700 and 2500°C. Here below is the main chemical reaction resulting in the

formation of a-SiC:
Si0,+3 C - SiC+2CO

Zinc Oxide (ZnO) doping

Additionally, Zinc Oxide (ZnO) powder, sourced from Sigma Aldrich, USA, was integrated into
PLA to produce a second category of composites. The ZnO particles, with a size of less than 100 nm,
contribute to the composite's functionality by offering UV protection, antimicrobial properties, and
improved thermal conductivity. ZnO's broad application range, from sunscreens to semiconductor

devices, underscores its value in enhancing the PLA composite's performance and utility [41].

The choice of production method of ZnO depends on the desired purity, particle size, morphology,
and specific application of the ZnO. For high-purity applications, such as in electronics or optics, the
indirect method might be preferred. For broader industrial applications, the direct method offers a
cost-effective solution [41]. The starting materials conventionally used in this method are mainly

anhydrous ZnCl,,Na,C05 and NaCl. The following reactions take place during the procedure:
ZnCl, + NayCO5 — ZnCOs + 2 NaCl

ZnCoz = Zn0 + CO,

4.2 Filament Production for 3D Printing

The production process of composite filaments based on PLA by diffusion (either SiC

microparticles or ZnO nanoparticles) is illustrated in the chart in Figure 4.2.

e I:;ylong e
y
T

4
{ Thermal Mixing

75°C
SiC Powder V.
#1200 [
- ]
Ea—" Weighing
Zn0 Powder
< 100nm

Filament Extrusionw_ | Drying
185°C — 195°C J 100°C

Figure 4.2 Schematic of the fabrication process.

At first, PLA pellets were dried at 100°C for 24 hours. Then, the dried PLA pellets and SiC or ZnO

were weighed to produce composites containing 1 to 3% of the dopant. The mixture was then placed
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4.2 Filament Production for 3D Printing

in a heated mixing bowl shown in Figure 4.3 and manually mixed with a few drops of absolute grade
acetone at about 75°C, where it is known that acetone partially dissolves PLA thereby enhancing
adherence of the doping powder to PLA. The mixture was then placed in a drier at 100°C for 24 hours

to remove any moisture from the external environment.

(b)

Figure 4.3 Thermal mixing bowl shown from (a) below and (b)above.

The mixture was then placed in the extruder (Felfil Evo Filament Extruder, Italy) shown in Figure
4.4 (a) to produce filament with a diameter of approximately 1.75 mm. The extruder operates using
a screw-feed system: it heats the mixture to 185 — 195°C and through the screw it is extruded to the
outlet, creating the desired filament. This filament is then placed in the printer to create the samples

as explained in the section 4.2.2.

Figure 4.4 (a) Filament extrusion process (b) Felfil Evo Filament Extruder.

For the filament extrusion process, it was found that a higher extruder's temperature was
necessary in order to successfully produce filaments with a larger SiC or ZnO powder content in the
PLA mixture. In particular, 185°C was required for pure PLA filament but 195°C for PLA — 3wt% SiC
filament, and for PLA — 3wt% ZnO filament. Some produced filaments are shown in Figure 4.4. Pure
PLA filament has a transparent color, while SiC doped PLA has a kind of gray color and ZnO doped
PLA has a white look color.
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Figure 4.5 From left to right: PLA — 3wt% SiC, PLA — 3wt% ZnO, PLA virgin.

4.2.23D Printing of Specimens

The specimens used in the measurements of the present study - both for the examination of
mechanical properties and the triboelectric properties - were manufactured using the 3D Printing
method.

3D printing is a computer-assisted object manufacturing technique where the material is
assembled in the design space throughout the process. One of the most popular commercial methods
of this technology is Fused Deposition Modeling (FDM) or Fused Filament Fabrication (FFF). This
is a technology based on the extrusion of thermoplastic material and has evolved to such an extent
that the use of 3D printers has become established. In this work, the CREALITY CR20 Pro 3D printer
(Creality 3D Technology Co., Ltd., Shenzhen, China) was used, which is illustrated in Figure 4.6.

Figure 4.6 CREALITY CR20 Pro 3D printer.

The specimens (dog-bone shape) for measuring the tensile strength of the materials were printed
by the above 3D printer according to the instructions according to ISO 527 standard [42] that will

also be discussed in chapter 5.1.1 as shown in Figure 5.4. The specimens for the other hardness
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measurements were shaped as a thick disk 32mm in diameter and approximately 6mm thick as

shown in Figure 5.9.

The specimens for the investigation of the triboelectrical and electrical characterization were

printed in the shape of a thin disk 32mm in diameter and 0.6mm thick.
The specimens were 3D-printed using the following parameters:

¢ Filament Diameter : 1.75 mm

e Nozzle temperature : 200 — 210 °C
e Bed temperature : 55 °C,

e Nozzle size = 1 mm

e Printing speed = 50mm/sec.

o
=

PLA - SiC
PLA - ZnO

Filament ~1.75mm

Figure 4.7 Process from filament extrusion to 3d printing of specimens under test.

4.3 Preparation of Specimens

For the samples to be comparable with each other in the measurements given and covered in the

upcoming chapters, they had to be roughly ground to the same thickness using a polishing machine.

As seen in Figure 4.8 below, the Struers DAP-V (Struers Pedemin DAP-7 grinding and polishing
machine) was used for the sample grinding and polishing procedure. The apparatus is made up of

two main parts:

1. Base: spins the abrasive disc in rotation.
2. PEDEMIN-2 specimen support arm: Specimens can rotate in the opposite direction of the

abrasive disc.

A faster removal of material is possible because of the increased frictional forces between the
samples and the abrasive disc due to their opposite rotational directions. The samples can be
processed and supported on the abrasive disc by a spring when they are in one of the arm's three

slots, which contains a small motor.
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———
,_«4 Pedemin-2
]

Figure 4.8 (a) Struers DAP-V with Struers Pedemin DAP-7 (b) Pedemin holding 3 specimens PLA-
3%7Zn0.

Silicon carbide (SiC) abrasive paper was used for the polishing of the samples. The paper was
placed on the surface of the abrasive disc and fixed with a suitable metal ring. Each type of paper is
identified by a “mesh size” number corresponding to the size of the abrasive grains. The higher the

number, the smaller the grain size The mesh size is the number of grains per inch (25.4mm).

Polishing was carried out progressively utilizing SiC sandpaper with ascending order of mesh-

size; that is, polishing proceeded with Sic paper #120, then #320 and finish with #1000.

After the samples are polished to #1000 SiC paper, they were allowed to air dry for 24 hours at

room temperature.

4.4 Microstructural Characterization

The scanning electron microscopy (SEM) technique was used to study the surface morphology of
the materials used for PLA reinforcement. This technique allows obtaining information that
contributes to the understanding of the behavior of solid materials. Morphological and elemental
characterization of the fabricated composites was performed by Scanning Electron Microscopy
(SEM, FEI Quanta Inspect shown in Figure 4.12 (a)) and by Energy Dispersive X-ray Spectroscopy
(EDX, 10 keV shown in Figure 4.12 (a)).

SEM is a type of electron microscope that creates a topological image and relative composition of
a material by reacting with a concentrated electron beam. The concentrated electron beam will
produce secondary electrons (SEs), backscattered electrons, and a distinctive X-ray upon contact
with the material. These will subsequently be detected by the appropriate detectors and shown on
the monitor. The electron source, sample chamber, electron detector, column with electromagnetic

lenses, and computer display are the primary parts of a standard SEM [43].
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The creation of a SEM picture is primarily associated with the identification of signals derived
from interactions between scanned samples and electron signals. Elastic and inelastic interactions
are the two main types of interactions that might happen. Following their bombardment by the
primary beam electrons, the samples in the inelastic interaction release low-energy secondary
electrons (transfer of energy to the atom in the sample). Conversely, elastic interaction results from
the main electron's deflection upon contact with the atomic nucleus of the sample or electrons of
similar energy. Back scattered electrons (BSE) are dispersed electrons that have been deflected at an
angle greater than ninety degrees. They can be used for imaging samples [43]. The generation of SEs

and BSEs is shown in Figure 4.9 .

detector

grid of SE
objective

) B -

SE1
escape iep”‘ /W—: SE2

~

BSE escape

volume : :
interaction

volume

Figure 4.9 : Electron signal interaction upon contact with the specimen. SE1 corresponding to
secondary electron mode, whereas SE2 and SE3 are used in back scattered electron mode.[43]

The result of this process is the acquisition of signals from the surface, including backscattered
and secondary electrons, which are the most important signals. Auger electrons, X-ray fluorescence

photons and other photons of other energies are also detected.

During the SEM analysis, chemical identification of the constituent elements of each sample was
also carried out. Chemical identification during the study of samples was performed using the EDAX

(Energy Dispersive Analysis of X-rays) technique.

EDX spectroscopy is involved in the detection of elemental composition of substance by using
scanning electron microscope. EDX can detect elements that possess the atomic number of higher
than boron and these elements can be detected at concentration of least 0.1%. The application of
EDX includes material evaluation and identification, contamination identification, spot detection

analysis of regions up to 10 cm in diameter, quality control screening, and others [43].

The materials in a standard SEM interact with the electron beam upon collision, releasing
distinctive X-rays. Since every element has a unique X-ray emission spectrum, it is possible to
distinguish between them and determine their concentration in the sample. The main electron

beam's contact with the sample atom's nucleus produces the X-ray. An atom's nucleus contains an
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electron that is excited by a primary electron beam, which causes the electron to be ejected and leaves
an electron hole behind. The excess X-ray is released when an electron from the atom's outer shell,
which has a higher energy, replaces the expelled electron that was lost. The X-ray that is released is
composed of two types: the characteristic X-ray, which is produced when a higher shell electron fills
the electron hole in the nucleus shell, and the X-ray continuum, which is produced when an electron

decelerates. This is seen in Figure 4.10 .

Characteristic
X-ray spectrum

Intensity

X-ray
continuum

\J

Figure 4.10 : Schematic representation of the types of X-ray spectrum emitted upon bombardment of
fast electron.[43]

While conducting the SEM, the electron beam hitting the sample causes X-ray emission. This X-
radiation interacts with the atoms in the sample, causing the emission of characteristic X-rays for
each element in the sample. EDAX collects these X-rays and analyses their energy to determine
which elements are present in the sample and in what quantities. Thus, the EDAX technique can

provide information on the chemical composition of the material being tested.

Sputter deposition is a physical vapor deposition (PVD) method that involves ejecting material
from a "target" that is a source onto a "substrate". Resputtering is re-emission of the deposited
material during the deposition process by ion or atom bombardment. Sputtered atoms ejected from
the target have a wide energy distribution, typically up to tens of eV (100,000 K). The sputtered ions
can ballistically fly from the target in straight lines and impact energetically on the substrates or
vacuum chamber (causing resputtering). Alternatively, at higher gas pressures, the ions collide with
the gas atoms that act as a moderator and move diffusively, reaching the substrates or vacuum
chamber wall and condensing after undergoing a random walk. The entire range from high-energy
ballistic impact to low-energy thermalized motion is accessible by changing the background gas

pressure. The sputtering gas is often an inert gas such as argon [44].
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Figure 4.11 : A schematic of sputter deposition.

Sputtering Target

For the examination of non-conductive samples such as PLA, a Polaron E5100 Sputter Coater was
used for coating the samples as shown in Figure 4.12 (b). The process is about applying an extremely
thin layer of an electrically conducting metal, such as gold (Au), gold/palladium (Au/Pd), platinum
(Pt), silver (Ag), chromium (Cr), or iridium (Ir) to a non-conductive or poorly conducting material is
known as sputter coating in SEM terminology. The specimen is kept from charging by sputter
coating, which stops static electric fields from building up. Additionally, it raises the signal to noise
ratio by increasing the quantity of secondary electrons that can be seen on the specimen's surface in

the SEM. The normal thickness range for sputtered films used in SEM is 2—20 nm [45].

(b)
Figure 4.12 (a) SEM, FEI Quanta Inspect (b) E5100 Sputter Coater

4.4.1 SEM & EDAX Analysis

The microstructure of the SiC powder is shown in the SEM micrographs in Figure 4.13. The
powder is irregular and angular with a maximum grain size (largest dimension) of about 8.3 um

corresponding to a mesh size of #1200.
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A quantitative assessment of the grain size distribution based on SEM micro-graphs showed that

the powder had an average grain size of about 7 um and a range of 4 — 8.3 um.

tilt | mode| HF
SE 146.7

Figure 4.13 SEM micrograph of the irregular SiC powder of mesh size #1200 used in this work

Typical fracture surfaces of a PLA (‘virgin”) specimen after fracture in tension and after abrasion

with #1000 SiC paper are shown in Figure 4.16 (a) and (b) respectively.

(b)

Figure 4.14 SEM Images for pure PLA from (a) Fracture Surface from tension with magnitude x4899
and (b) after abrasion with #1000 SiC paper with magnitude x6024

An EDX spectrum of a PLA (“virgin”) specimen at low (x100) magnification is shown in Figure

4.15 where Carbon and Oxygen are slightly obscured by some gold peaks.
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Figure 4.15 EDX spectrum of a pure PLA specimen (a) for fracture surface and (b) after abrasion with
#1000 SiC paper

Typical fracture surfaces of a PLA — 3%SiC specimen after fracture in tension and after abrasion

with #1000 SiC paper are shown in Figure 4.16 (a) and (b) respectively. Predominantly quasi-ductile

fracture is visible with some evidence of brittle fracture as evidenced by some fine striations (visible

in Figure 4.16 (a) ). The SiC particles are well coated by the PLA but occasionally they are exposed as

in Figure 4.16 (b).

A semi-quantitative estimation of the areal density of SiC on the surface of the 3wt% specimens

indicated values of between 1 and 1.5 areal% which is in a general agreement with the 1.3 vol% of

SiC calculated for such materials.

(b)

Figure 4.16 SEM Images for 3% SiC from (a) Fracture Surface from tension with magnitude x4856
and (b) after abrasion with #1000 SiC paper with magnitude x6035

An EDX spectrum of a PLA—3%SiC specimen at low (x100) magnification is shown in Figure 4.17

where the Si peak is partly covered and slightly obscured by a gold peak.
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Figure 4.17 EDX spectrum of a 3%SiC specimen (a) for fracture surface and (b) after abrasion with
#1000 SiC paper

Figure 4.18 shows SEM micrographs of the PLA—3% ZnO specimen after fracture in tension and
after abrasion with #1000 SiC paper. We can identify the presence of ZnO nanoparticles. The

distribution of the ZnO nanoparticles appears to be uniform.

(b)

Figure 4.18 SEM Images for 3% ZnO from (a) Fracture Surface from tension with magnitude x4867
and (b) after abrasion with #1000 SiC paper with magnitude x6019

Figure 4.19 presents an EDX spectrum acquired for the 3wt% ZnO-doped PLA. We can identify
the L and K emission peaks of Zn at 1.011keV and 8.61keV, verifying the existence of ZnO
nanoparticles. The emission peaks at 1.66keV and 2.14 keV correspond to the thin gold layer that

was deposited on the PLA sample prior to SEM imaging, in order to avoid surface charging

phenomena.
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Figure 4.19 EDX spectrum of a 3%7n0 specimen (a) for fracture surface and (b) after abrasion with
#1000 SiC paper

4.4.2 Influence of polishing

The microstructure of a 3d printed PLA “virgin” specimen before and after polishing with abrasive

#1000 SiC paper is shown in the SEM micrographs in Figure 4.20.

Figure 4.20 (a) and (b) show the specimen’s surface as printed. The 3d printed lines can be clearly

seen with a width between them about 225 — 235 um.

N

232 50m

x50 WD 76mm  100um
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Sb:80 LM SEI 2.5kV X100 WD 74mm  100um Sb:80 SEM SEI £ X1,000 WD58mm 10um

Figure 4.20 (a) and (b) SEM images of an as printed pure PLA sample with magnitude x50 and (c)
and (d) after polishing with #1000 SiC paper of a pure PLA sample with magnitude x100 and x1000
respectively.

Figure 4.20 (¢) and (d) show the specimen’s surface after polishing with #1000 SiC abrasive paper.
The polishing process with #1000 mesh SiC paper has significantly improved the surface finish of
the PLA material. The before image shows a rough surface with visible scratches and irregularities,
while the after image shows a much smoother and more uniform surface. The use of #1000 mesh SiC
paper is effective in reducing the roughness and irregularities on the PLA surface. This indicates that
the polishing process has been successful in smoothing out the surface, which is consistent with the
findings in similar studies. Such polishing is commonly used in various industries to enhance the
appearance and performance of materials, especially where a smooth surface is necessary, such as in

medical devices, optical components, or precision instruments.

4.5 Estimation of surface Roughness

An object's surface roughness can be expressed using a parameter called root mean square height,
or Sq. By measuring the average height variations within the designated area of the surface, it
quantifies the texture of a surface. Sq is equal to the standard deviation of the heights and is
computed as the root mean square value of the ordinate values (heights) inside the defined region.

The following is the mathematical formula for Sq:

1 H
e 2 (4.1)
Sq AHA z(x,y)?dxdy
Where:

e z(x,y) is the height of the surface at a particular point with coordinates (x,y).

e The double integral indicates that the calculation is performed over the entire area A being
evaluated

e The square root is taken of the average of the squared heights, which gives the root mean

square value.
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Sq is a statistical measure of the surface's departures from a mean plane and is a three-
dimensional extension of the two-dimensional root mean square roughness parameter (Rq). It is
especially helpful for surface texture characterization in applications where a thorough grasp of

surface topography is necessary, including optical surfaces or machined parts where surface

interactions are crucial [46], [47].

The Sq parameter does not distinguish between peaks, valleys, and the spacing of distinct texture
characteristics since it is indifferent to the direction of the surface texture. This can occasionally be
a drawback because two surfaces with identical Sq values but significantly dissimilar functional
characteristics may have spatial and height symmetry features. As a result, even while Sq is a helpful

general measure of surface roughness, additional parameters might be required to fully comprehend
the surface's functional properties [46].

The surface roughness measurements of the fabricated samples doped with SiC and ZnO after

polishing, were analyzed via white light interferometry (WLI), using a 3D optical profilometer
(Profil3D®), Filmetrics).

The results were analyzed from the online software ProfilmOnline and the measurements for each
sample had an area of 250 x 200 pm with fixed height 30 pm as shown below. The color-coding in the
images is used to visually represent the differences in surface roughness, with the color scale
provided in the bottom left corner indicating the roughness values. Blue represents the smoothest

surfaces, green indicates intermediate roughness, and yellow signifies the roughest surfaces.

—T30pm
25pm
20pm
15pm

10pm

Height (™)

Figure 4.21 3D screenshot of surface roughness of undoped PLA sample.

The 2D screenshots from the surface roughness for SiC doped PLA samples are given in Figure
4.22.
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Figure 4.22 Area Roughness in 250x200 um for PLA with concentrations (a) 0%, (b) 1%, (c) 1.5%, (d)
2%, (e) 2.5% and (f) 3% SiC.

From these images, it can be understood that the roughness increases with the addition of SiC up

to 1.5%, but then it appears to decrease slightly at higher concentrations.

The slight decrease in surface roughness after the 1.5% SiC concentration could indeed be due to
agglomeration. When SiC particles are added to the PLA matrix, they can enhance the composite's
surface roughness due to their abrasive nature and irregular shape. However, at higher
concentrations, these particles may start to agglomerate, or clump together, rather than being evenly
dispersed throughout the PLA matrix. This agglomeration can lead to a smoother surface in some

areas where the particles have clumped, reducing the overall roughness measured.

Agglomeration can occur due to several factors, such as the increased viscosity of the composite
material with higher filler content, which can hinder the even distribution of particles during
processing. Additionally, the inter-particle forces between SiC particles can become more significant

than the forces between the particles and the PLA matrix, leading to clumping.

The 2D screenshots from the surface roughness for SiC doped PLA samples are given in Figure

4.23.
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4.5 Estimation of surface Roughness
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Figure 4.23 Area Roughness in 250x200 um for PLA with concentrations (a) 0%, (b) 1%, (c)2%, and
(d) 3% ZnO.

The increase in surface roughness with higher ZnO concentrations can be attributed to the
presence of ZnO particles within the PLA matrix. These particles can create a more abrasive and
irregular surface as they are incorporated into the material. The roughness of the surface is important

for various applications, as it can affect properties such as adhesion, friction, and wettability.

The Sq values for each sample are given aggregated below.
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Figure 4.24 Root mean square height (Sq) for the range 0-3% PLA-SiC and 0-3% PLA-ZnO.
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5 Mechanical Characterization

5 Mechanical Characterization

The Mechanical Characterization was carried out in the ACCL (Advanced Ceramics and
Composites Laboratory) of the INN (Institute of Nanoscience and Nanotechnology) of the National

Centre for Scientific Research "Demokritos".

5.1 Measuring Methodology of Mechanical Properties

5.1.1 Tension after Mixed Stress Fatigue

For mechanical testing, the ISO 527 standard serves as a cornerstone for assessing the tensile
properties of plastic materials and their composites. The standard specifies the shape of the test
specimen, the test speed, and how the results are to be calculated and reported. These tests are
essential for understanding the mechanical behavior of the materials, particularly their strength and

deformation under tensile loads [42].

In general, the key mechanical characteristics of a material are described by a set of characteristic
values. Typical characteristic values are that are observed from the graph of the material during the

test as it is shown in[42]:

o Tensile stress: force divided by the initial cross section area of the specimen usually measured
in MPa (N/m2).

e Tensile Extension: total change in length of the specimen, usually measured in mm - it
should be equal to the change in gauge length.

e Strain: change in gauge length with respect to the initial gauge-length, expressed as %.

e Tensile modulus: gradient of the curve in the elastic region of the stress-strain diagram,
usually measured in GPa.

¢ Yield point: stress and strain at the curve plot point at which the gradient is zero — this is
mainly valid for metallic materials.

¢ Ultimate Tensile Strength (UTS): maximum stress achieved during tensile loading.

e Point of break: stress (Fracture Strength, often equal to UTS) and strain at the moment of
specimen break.

e Poisson's ratio: ratio of transverse strain to axial strain in the elastic region.

If we take a look at a bar of the tensile specimen with its original cross-sectional area, 4,, subjected
to equal and opposite force F tugging at the ends, the bar is in tension. The material is undergoing
an axial elongation and a stress, which is determined by dividing the force by the bar's cross-sectional

area [48].
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Figure 5.1 5.2 (a) Typical stress/strain curves of brittle material, materials with yield points, and soft
rubberlike material [42]. (b) Stress/Strain curve of a low-carbon steel [48]. PLA at room temperature
behaves as “brittle” while at slightly higher temperatures (up to the softening temperature, about 58C) it
behaves as “tough and strong”.

In the tensile, compression, and flexural tests, the stress intensity increases gradually but steadily
until the load eventually breaks the specimen. The strength characteristics obtained from these tests
offer helpful values for material selection and component dimensioning, particularly for statically

loaded components.

Researchers have shown that components exposed to variable stress can only tolerate lower stress
values over time than those subjected to static stress [48]. Over time, fatigue fracture can still happen
even if the stress is always lower than the material's yield or fracture strength. The fatigue test is used

to evaluate material samples or complete components under dynamically changing stresses.

Standardized specimens and whole components are subjected to cyclic loading during the fatigue
test. The sample is clamped in a machine that resembles a tensile testing apparatus for this purpose.
Vibrational loading is applied to both complete components and standardized specimens during the
fatigue test. For this reason, the sample is clamped in a device that looks like a tensile testing
instrument. The upper clamping device is cycled dynamically, while the bottom clamping device is
statically coupled to the surroundings. In the most basic scenario, the specimen experiences
compressive and tensile stress alternately or cycling between zero and a tensile stress. It is also

possible to fatigue test in flexure (bending) between zero and a certain flexure stress.

Aload cycle, also known as a stress cycle, is a full cycle through the various stress levels. The letter
N is frequently used to represent the total number of oscillations (stress cycles) up to a specific point

in time.
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5 Mechanical Characterization

In the fatigue test, several identical samples are dynamically loaded with different stress
amplitudes and the respective number of cycles to failure is determined. If for each tested sample

the respective stress amplitude o, is plotted against the number of endured cycles Nf, the so-called

stress-cycle curve is obtained as it is shown below.

stress-cycle curve of a specimen with a mean stress value o,,=0
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Figure 5.3 Stress — cycle & Wéhler curves of a specimen with a mean stress value o, = 0.

The diagram's obtained curve is frequently referred to as the Wohler curve. The Wohler curve
should be understood as a probability curve that shows how many load cycles at a specific stress

amplitude a sample is anticipated to withstand before breaking [49].

In this work tensile loading tests were conducted adhering to the ISO 527 standard after mixed
mode (tensile and flexure) fatigue cycling. The specimens used were flat and “dog-bone” shaped with
a nominal gauge length of 40 mm, gauge width of 6 mm and gauge thickness of 2 mm as shown in

Figure 5.4 .

80 mm

40 mm

]s -

6 mm

(b)

2mm

Figure 5.4 Dimensions of tensile specimen printed. The gauge length is 4omm and the thickness is
2mm.
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5.1 Measuring Methodology of Mechanical Properties

Specimens were tested under tensile loading before and after mixed fatigue cycling to determine
remaining strength. Fatigue of the tensile specimens was carried out under a mixed tension-bending
mode on a specially built system shown in Figure 5.5. The specimens were cycled between about 50%
of maximum expected tensile deformation and about 50% of maximum expected flexure

deformation for up to 400 cycles at a rate of about 0.5Hz (2 seconds per cycle).

The load-extension curves obtained were analyzed to obtain the ultimate tensile strength (UTS,

stress at maximum load) and the strain at maximum load.

Figure 5.5 In-house mixed-stress Fatigue system.
The tensile tests after fatigue were carried out on an INSTRON 1026 (Figure 5.6) tensile loading
frame at a displacement rate of 545um/min using pneumatic grips. Load data were recorded on a
computer via a conditioner module with a precision of 0.1N while displacement accuracy was

estimated at 0.1 mm.

68 Stefania Skorda



5 Mechanical Characterization

(b)

Figure 5.6 (a) INSTRON 1026 and (b) A tensile specimen during the tensile test.

During the tests, the force applied to the specimen and the corresponding elongation (extension)

are recorded at a rate of about 50 points per second in the computer.

Once the test is completed, the UTS is calculated using the maximum force recorded for each
specimen (Load,,,,) and the original cross-sectional area of the specimen (4,). The formula for

calculating UTS is:

Load
uTs = 22%%max (5.3)
Ao

Where:

e UTS the Ultimate Tensile Strength.
e Load,,,, the maximum force applied during the test.

e A, the original cross-sectional are of the specimen.

And the Strain at maximum Load is calculated as it was refereed at eq. ( 5.2 ) as

AL
Emax = T (54)

Where:

e  &£,4, the strain at maximum load.
e AL the change in length of the specimen at maximum load (typically obtained from the testing
machine).

e L, the original gauge length of the specimen (40mm).
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By following these steps, the strain at maximum load and the UTS can be determined in

accordance with ISO 527 for tensile testing of plastic.
5.1.2 Shore D Hardness

The hardness of a material using static hardness measurement methods and dynamic methods is
determined by measuring the plastic deformation upon a compressive load, after subtracting the
elastic recovery of the material [50]. Penetrant methods determine hardness based on the plastic
deformation of the material, while dynamic stress methods relate hardness to its elastic response.
The most commonly used static hardness measurement method for plastics is the Shore A or D scales

where an indenter is pressed onto the surface.
Each scale provides a value from 0 to 100, with the higher value indicating greater hardness.

The Shore D hardness technique measures the depth of penetration of an indenter in relatively
hard plastics, generally following the test standards ASTM D2240 [51] or ISO868 [10]. The Shore A
scale is primarily suitable for measuring the hardness of soft elastomers and other polymers
classified as soft. In contrast, the Shore D scale is used to measure the hardness of hard elastomers
and most other hard polymers, such as thermoplastics and thermosets. An instrument called
durometer is used for these measurements [52], [53].The Shore hardness measurement procedure
involves the use of a hard indenter, a Calibrated Spring, a Graduated Dial with Indicating hand and
an Indenter Foot. The Shore hardness measurement is determined by the depth the indenter
penetrates under load. Shore hardness values range from o0 to 100, with the maximum penetration
being 0.097 — 0.1 inches (2.5 — 2.54 mm). A minimum Shore hardness corresponds to a maximum

penetration, while a maximum hardness value of 100 corresponds to zero penetration [54].

Shore D hardness was measured on various points on the surface of 3D printed disc-shaped
specimens with diameter 32 mm and thickness 7 mm using a hand-held durometer calibrated on the

Shore D scale.

Durometer hardness test

. Applied load Applied load
Dial % 7. Calibrated Indenters
\ "“k‘—'Sprmg TypeA  TypeD
11-14mm 11-14mm
*- -
- —I“ £ o o
'\‘ I E . k‘?i_‘ 30
. > ~ : T
.0 00/ e &
Presser ¢ .4 . !
0 0.79 mm
R=0.1mm —/
(a) (b)

Figure 5.7 (a) Schematic of Shore D durometer with its components and (b) Diagram of a durometer
indenter or presser foot used for Shores A and D [52].
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The hardness measurement is determined by the depth that the pin penetrates under the load.
According to ASTM D 2240 [51], values below 10 or above 90 are not considered reliable, so it is

important to use a scale that allows measurements between 10 and 90 units [50].

The Shore D Durometer used in this work is shown below in Figure 5.8.

Figure 5.8 The Shore D durometer used for hardness measurement.

5.1.3 Mechanical Abrasion

Part of the characterization of the mechanical properties of the materials was the investigation of

the dependence of material removal during grinding- using SiC abrasive paper with mesh size #1000.

The resistance of the materials to 2-body abrasion was investigated on specimens with diameter
32 mm and thickness 7 mm on an adapted rotating polishing facility, based on a STRUERS DAP-7
grinder/polisher with a PEDEMIN-2 specimen holder at 125rpm for 1 minute. Three specimens were
tested together, and each specimen was loaded with 10N load (giving average stress on each
specimen = 12kPa) and tested against a fresh #1000 SiC paper for 1 minute with continuous water
supply to remove any loose particles and avoid 3-body abrasion. The specimens were dried at room
temperature for 24 hours and weighed before and after testing to a precision of 1mg and the abrasion

resistance is given by the reciprocal of the weight loss per unit specimen area with units m?/kg.

The calculation of Abrasion Resistance is calculated as follows:

] ] m? Area
Abrasion Resistance | — | = (5.5)
kg Mass
) ] m? TR?
Abrasion Resistance | — | = - . (5.6)
kg Weightgesore #1000 — Weightafier #1000

Where Weightgesore #1000 the weight of each sample before grinding with SiC #1000 abrasive
paper and Weight¢.er #1000the weight after grinding. Once this has been calculated for each sample,

for each content we take the average of the change in mass of the three discs tests.
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(a)

(b)

Figure 5.9 Disk-shaped specimens 32x6 mm for hardness test evaluations (a) PLA - 0,1,1.5,2,2.5,3wt%
SiC and (b) PLA - 0,1,2,3wt% ZnO.

5.1.4 Hertzian Point Compression

In the mechanical engineering and materials science, the study of how surfaces interact under
load is critical for the design and analysis of a myriad of mechanical components and systems. At the
heart of this study lies the theory of Hertzian contact mechanics, a cornerstone concept that
elucidates the behavior of elastic bodies in contact. The German physicist Heinrich Hertz was the
one who formulated the foundational principles in the late 19th century, Hertzian contact mechanics
provides the theoretical framework for predicting the stress distributions and deformations that
occur when two curved surfaces come into contact under a compressive force[55]. An important
observation, however, is that this theory does not consider surface interactions such as those near
the point of contact (Van der Waals) [56].

Contact stress can cause surface friction, which is shown in Figure 5.10 . This effect could lead to
degradation of accuracy over time and should be considered during the design process. All the

calculation can be done using the classical solutions discussed below.
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Figure 5.10 Effect of contact stress on kinematic constraint using spheres

An improved version of the aforementioned theory (Hertzian Contact Stress Theory) was the
Johnson theory, around 1970, with the designation JKR (Johnson, Kendall, Roberts) theory. In this
theory (JKR) the contact point is assumed to be 'stuck'. Therefore, we can conclude that it combines
the contact point with the properties of an elastic material but taking into account the interaction
force between the surfaces. As with the Hertzian Contact Stress Theory, in JKR Theory the solution

is limited to the contact between elastic spheres [56].

In addition to the two theories mentioned above, a more complex theory (the DMT theory)
considers the Van der Waals interactions outside the elastic contact point, but these cause some
additional charge. This theory simplifies Bradley's van der Waals model if the two surfaces are
separated significantly. In Bradley's model any elastic deformations of material because of attractive
interaction forces are induced. The Bradley non-contact model and the JKR contact model have very

specific limits explained by the Tabor coefficient.
In Figure 5.11 Hertz, JKR, Bradley and DMT are shown as contact stress theories.

Classic Tip-Sample Interaction Models
(flat plane = R;—<)
elastic, with

lasti adhesion in vdW with elastic, adhesive
elastic contact region  rigid spheres and vdW
Ry
3 !
Hertz JKR Bradley DMT
(1881) (1971) (1932) 1975
*Neglects surface *Neglects long-range  +Considers two rigid  *Elastic sphere against a rigid
forcesand adhesion interactions outside  spheres interacting plane surface
*Assumes a linearly contact area via Lennard-Jones + Includes van der Waals forces
elastic sphere +*Applicable to soft 6-12 potential outside the contact region.
indenting an elastic samples with high *Applicable to stiff samples with
surface adhesion low adhesion.

Figure 5.11 a Contact stress theories: Hertz, JKR, Bradley and DMT.
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5.1 Measuring Methodology of Mechanical Properties

Where Hertz is the fully elastic model, JKR is the fully elastic model considering adhesion in the
contact zone, Bradley is the purely Van der Waals model with rigid spheres and DMT is the fully

elastic, adhesive and Van der Waals model.

The Hertzian Contact Stress Theory could be said to have some assumptions, focusing on the

following [571]:

e Compression stress is generated when two non-conforming surfaces are in induced contact.

The contact is a point or a line when there are no applied forces.

The area of contact depends on the force exerted due to elastic deformation.

Non-adhesive, meaning that the two surfaces do not require force to separate.

The theory keeps both surfaces frictionless.

When two surfaces come into contact, they initially meet either at a point, defined as the point of
contact, or along a line. A visually perceptible area of contact is formed between the two bodies when
a small vertical load is applied because of surface deformation in the vicinity of the point of initial
contact. This is highlighted due to the very small surface area in relation to the dimensions of the

bodies touching. [58].

Load (N)

Penetration
Depth (mm)

(@) (b)

Figure 5.12 (a) Schematic of applied Hertzian Contact Theory and (b) Stresses in a contact area
loaded simultaneously with a normal and a tangential force.

By carefully measuring the force and deformation parameters associated with the contact between
the indenter and the specimen, as depicted in the Figure 5.13, we can derive insights to determine
the hardness, stiffness, and other mechanical properties of the material models that underpin
Hertzian contact mechanics. In a Hertzian compression test, the spherical indenter is pressed into

the material of the disk to measure the material's response to contact stress.

The resistance of the materials to point loading was measured under “Hertzian point contact”
loading conditions using a hardened steel pin with a radius of curvature of 2.5 mm at a displacement
rate of 500um/min on an INSTRON 5982 loading frame (Figure 5.13). The specimens tested had a

diameter of 32 mm and nominal thickness 7 mm and loading was recorded until the pin had
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penetrated to a depth of 0.5 mm. The resistance to Hertzian point loading is given by the slope of the

tangent to the load-depth curve at a penetration depth of 0.5 mm in units of N/mm, as shown later.

Spherical Indenter
(R = 2.5mm)

Disk-Shaped Material
(PLA-SiC / PLA-ZnO)

(a) (b)
Figure 5.13 (a) The INSTRON 5982 (100kN) and (b) The Hertzian point loading arrangement on it.

5.2 Mechanical Properties of PLA samples

The incorporation of nanoparticles into polylactic acid (PLA) presents an approach to tailor the
mechanical properties of polymer composites. This chapter delineates a comparative analysis
between silicon carbide (SiC)-doped PLA and zinc oxide (ZnO)-doped PLA, assessing the
implications of each on the mechanical attributes such as tensile strength, hardness, abrasion

resistance, and Hertzian compression resistance.
5.2.1 Tensile strength after mixed stress fatigue

At least 4 specimens with up to 3wt% SiC were tested under tensile loading before and after
mixed-mode fatigue and the results are shown in Figure 5.14 (Raw data of Load and Extension),

Figure 5.15 (a) (Ultimate tensile strength , UTS) and Figure 5.15 (b) (Strain at maximum load).
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Figure 5.14 Load - Extension Curves after mixed-mode fatigue for 0,50,100,200 and 400 stress cycles
for (a) 0%, (b) 1%, (¢) 2%, (d) 3% SiC doped PLA .

The UTS appears to decrease with number of fatigue cycles by about 10% after about 100 cycles

for pure PLA and 1%SiC, probably by the accumulation of fine microcracks which results in localized

stress concentrations. On the other hand, UTS appears to increase by about 10% after about 100

cycles when SiC doping increases to 2% or 3%, possibly because of entanglement of microcrack

networks with the SiC particles which can reduce the localized stress concentrations by localized

blunting. In addition, at SiC contents greater or equal to about 2%, the tangles of SiC particles can

act as “anchors” for any microcracks growing during fatigue, delaying their development.
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Figure 5.15 (a) Ultimate tensile strength of PLA composite and (b) Strain at max load of SiC-dopped
PLA after mixed-mode fatigue for PLA-SiC.
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5 Mechanical Characterization

This is an interesting result which shows that SiC content of about 2% has a beneficial effect on

both the mechanical and the electrostatic properties, as shown later.

To elucidate the mechanical properties of 3wt% ZnO in comparison to pure PLA, at least
4 specimens were subjected to tensile loading without experiencing mixed-mode fatigue. According
to Jamnongkan [59], ZnO the tensile strength of the PLA/ZnO biocomposite filaments gradually
decreases when increasing the ZnO nanopowder contents. The results for tensile test of 3wt% ZnO

are shown in Figure 5.16 (Raw data of Load and Extension).

(a) Combined Plot of PLA-3%Zn0 Occ (b) 300
—— PLA-3Zn0O_1_0cc PLA-3%Zn0O Occ
300 7 PLA-3Zn0_2_0cc
—— PLA-3Zn0_3_0cc 250 1
250 1
200
200 1 g
E 150 4 o] 1501
g S
100 4 100 +
50 1 50
04 - Ot . . L
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0 100 200 300 400 500 600 700 800 .
Extension (mm) Extension (mm)

Figure 5.16 Load - Extension Curves without fatigue (a) specimens analytically (b) an average plot of
them for PLA-SiC.

One reason where the tensile strength of PLA-ZnO decreases could be the agglomeration of
nanoparticles. If ZnO nanoparticles are not evenly dispersed throughout the PLA matrix, they can
form agglomerates. These agglomerations act as stress concentration points within the material,

which can initiate cracks under tensile load, leading to a decrease in tensile strength.

Another reason could be the poor interfacial adhesion between the PLA pellets and ZnO nano
powder. The effectiveness of load transfer between the polymer matrix and the nanoparticles
depends on the interfacial adhesion between them. If the adhesion is poor, the nanoparticles cannot

effectively reinforce the matrix, leading to a decrease in tensile strength.
5.2.2Shore D Hardness Measurements

The increase in tensile strength observed for SiC doping is confirmed by measurements of Shore
D hardness shown in Figure 5.17 (a). Shore D hardness is relatively unaffected up to about 1% SiC

but increases sharply thereafter and reaches a potential plateau at about 2.5%SiC.

The decrease in tensile strength but increase in Shore D hardness when adding ZnO nanoparticles
to a polymer matrix, such as polylactic acid (PLA), can be attributed to the complex interactions
between the nanoparticles and the polymer matrix, as well as the specific characteristics that these

nanoparticles impart to the composite material.
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Figure 5.17 Results for Shore D hardness of (a) PLA-SiC and (b) PLA-ZnO.

ZnO nanoparticles decrease somewhat the stiffness of the PLA matrix. This stable stiffness results
from the high modulus of ZnO particles compared to the polymer matrix, makes the composite

material more susceptible to deformation and decreases its Shore D hardness.
5.2.3Abrasion Resistance

Significally, abrasion resistance increases sharply even with as little as 1% SiC since SiC is much

harder than PLA and shields the PLA matrix from the abrading grains as shown in Figure 5.18 (a).
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Figure 5.18 Results for Abrasion resistance of (a) PLA-SiC and (b) PLA-ZnO.

For PLA-ZnO, the decrease in mechanical properties (UTS) suggests potential negative effects on
abrasion resistance, and this was confirmed by these tests. ZnO nanopowder was added, and it was

discovered that this somewhat reduced the abrasion resistance as it is shown in Figure 5.18 (b).
5.2.4Hertzian Point Compression Measurements

The results obtained for Hertzian ball compression for SiC composites are shown in Figure 5.19
(a) (average load-depth curves) and Figure 5.19 (b) (average gradients). The gradient (slope,
calculated between 0.3 and 0.45 mm penetration depth for all curves) of the load-depth curves can

be considered as a measure of “effective hardness”, i.e. plastic deformation and the results indicate
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that the effective hardness increases after about 1 — 1.5% SiC reaching a plateau at about 2wt% SiC,

about 40% above the value for pure PLA.
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Figure 5.19 Results for specimens with 1—3wt% SiC for (a) Hertz contact force with the compression
test data and (b) effective hardness.

The increase in effective hardness after about 1 — 1.5% SiC is probably due to the obstacles
presented by the networks of SiC particles to the plastic deformation of the PLA matrix. At only 1%
the SiC particles are possibly too far from each other to form continuous networks, but by 1.5% the
particles are close enough to each other to pre-sent relative barriers to further plastic deformation,

increasing hardness.

The results obtained for Hertzian ball compression for ZnO composites are shown in Figure 5.20
(a) (average load-depth curves) and Figure 5.19 (b) (average gradients). ZnO nanoparticles, when
added to PLA, tend to decrease both the tensile strength and the effective hardness of the material.
The reduction in tensile strength could be due to factors such as particle agglomeration, as previously
discussed, which can create weak points in the composite. The decrease in effective hardness
suggests that the presence of ZnO particles alters the composite's response to compression, making

it more susceptible to deformation.
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Figure 5.20 Results for specimens with 1—3wt% ZnO for (a) Hertz contact force with the compression
test data and (b) effective hardness.
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5.3 Analysis & Discussion of Mechanical Characterization

The comparative analysis elucidates that SiC doping in PLA composites generally results in
enhanced mechanical properties, improving tensile strength, hardness, and abrasion resistance,
particularly at higher contents. The introduction of SiC appears to provide a structural benefit that

fortifies the composite against various modes of mechanical stress.

In contrast, ZnO doping, while increasing the material's stiffness and hardness, does not

positively influence the tensile strength or abrasion resistance.

5.3 Analysis & Discussion of Mechanical Characterization

In this chapter we investigated the influence of SiC microparticles and ZnO nanoparticles on the
mechanical properties of SiC/ZnO-doped PLA. PLA composites were characterized using
measurements of their tensile strength before and after fatigue, abrasion resistance, Shore D

hardness and resistance to Hertzian ball loading.

The findings delineate that while both SiC and ZnO nanoparticles can be used to modify the
properties of PLA, the overall impact on mechanical performance is highly contingent upon the
nature of the filler, its interaction with the PLA matrix, and the resulting microstructural changes.
These insights can guide the selection and optimization of nanoparticle reinforcements in PLA for

specific applications where tailored mechanical properties are desired.

The summarized results for both SiC-doped PLA and ZnO-doped PLA are shown in Figure 5.21.
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Figure 5.21 Comparison between SiC and ZnO doping on PLA-based samples for the mechanical

characterization.
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5 Mechanical Characterization

Our results show that by adding SiC microparticles in pure PLA enhances its mechanical
properties. Hertzian ball compression experiments showed that the effective hardness increases after
about 1% SiC reaching a plateau at about 2 wt% SiC, which is about 40% above the value for pure
PLA. This increase in effective hardness is probably due to the obstacles presented by the networks
of SiC particles to the plastic deformation of the PLA matrix. These results for the influence of SiC
doping are confirmed by measurements of Shore D hardness as well as abrasion resistance

experiments.

However, our findings show that the effective hardness of pure PLA drops when ZnO
nanoparticles are added. Agglomeration of ZnO nanoparticles at high concentrations might result in
the creation of weak spots in the material. It is difficult to disperse ZnO nanoparticles uniformly
within the PLA matrix, particularly at high concentrations. A loss in total strength may arise from
localized areas with inferior mechanical characteristics due to non-uniform dispersion. There was
no need to test ZnO concentrations greater than 3wt% because it was found that the ZnO-doped PLA

filament was extremely fragile and breaking at higher concentrations.
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6 Electrical Characterization of Doped PLA

6 Electrical Characterization of Doped PLA

The Electrical Characterization was carried out in the Electrical Characterization Laboratory of
the Institute of Nanoscience and Nanotechnology (INN) of the National Centre for Scientific

Research "Demokritos".

6.1 Fabrication of Capacitors

For the fabrication of the capacitors used in the electrical characterization, cylindrical samples of
32 mm in diameter were 3D printed with the settings that described in chapter 4.2.2 and then
polished for each different material with a #1000 SiC paper. The measured thickness for the SiC
composites is given in Table 2 and for ZnO composites is given in Table 3. Thickness measurements
were performed using a micrometer in different areas of each capacitor with a minimum graduation
of 10 um. For the electrical characterization, 200 nm thick Al contacts were deposited through a
mechanical shadow mask on both sides of the samples, creating cylindrical parallel plate capacitors

of 25 mm in diameter.

Figure 6.1 Photo of a PLA-3% SiC capacitor.

Table 2 Thickness measurements of the circular samples PLA-SiC used for the electrical

characterization.
Sample Thickness (um) 6 Thickness (um)
0% SiC 400 10.0
1% SiC 390 10.0
2% SiC 420 10.0
3% SiC 420 10.0

and

Table 3 Thickness measurements of the circular samples PLA-ZnO used for the electrical

characterization.
Sample Thickness (um) 6 Thickness (um)
0% Zno 380 10.0
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6.2 Electrical Measurement Methodology

1% Zn0 385 10.0
2% Zn0 420 10.0
3% Zn0 415 10.0

6.2 Electrical Measurement Methodology

6.2.11I-V Measurements

The measurements of the I-V characteristics in the samples of the experiment were performed
using a probe station (probe station or prober) and with the help of an automated measurement
system including the computer-controlled 4140B pA METER - DC Voltage Source of the Hewlett

Packard company.

The control and acquisition of measurements is done through a computer which is connected to
the measuring instruments via a shielded GPIB protocol cable. The measurements are obtained with

the help of programs developed with the LabView software.

The prober has four probes, an optical microscope with four different magnification possibilities
of the sample, a mechanical system to move the metal base in relation to the microscope and the pins
in the x and y axes and a micrometric system to move the pins in the x, y and z axes. As shown in
figure 8, one probe was utilized for the upper surface of each sample, and a copper chuck probe was

used for the sample's other side.

(b)

Figure 6.2 The probe station used for the electrical characterization of the samples

First, we carefully place the spike on the aluminum surface of the sample and close the Faraday
Dark Box of the station to avoid any dirt from the external environment. The electrical interface
between the instrument and the sample is made using BNC coaxial cables which are electrically
connected to the external terminals of the test probe station which are connected to the test probe

used.
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6 Electrical Characterization of Doped PLA

The settings for all the measurements implemented were performed for a range from -2 to 2V
with a step of 100 mV, with Va I limit set to 10 u4 and voltage source mode set to single staircase.

Finally, the program was used to obtain the measurements of the current intensity I versus voltage.

Figure 6.3 HP 4140B pA METER and HP 4284A LCR METER

6.2.2C-V Measurements

C-V measurement is a way to find the electrical characteristics of the device being studied such as
its capacitance, dielectric constant, and conductivity. LCR instruments operate by applying an AC
voltage to the device under test (DUT) and measuring the resulting current, both in terms of
amplitude and phase, with respect to the AC voltage signal. With this applied voltage a variation in

the device load AQ occurs and through this the capacitance of the device is calculated.

Capacitance measurements were used to calculate each specimen’s dielectric constant using the
equation ( 6.1):

_ o & A (6.1)
d

where C, is the measured capacitance, €, = 8.854 - 1012CV ~1m™! is the dielectric permittivity of

Cx

vacuum, &, is the composite material dielectric constant, A is the capacitor area (r - 12.52mm?) and

d is the material thickness. So, the dielectric constant for each sample is calculated as

_Cx‘d
_Eo‘A

(6.2)

Ex

as it is shown in Figure 6.4.
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6.2 Electrical Measurement Methodology

A

- =
ol Ll

PLA — SiC / PLA — ZnO ld

Figure 6.4 Illustration of capacitor.

The HP 4284A LCR METER from Hewlett Packard and the prober spike station were used for the
C-V measurements. Measurements at 100 Hz contain a lot of noise, as the signal forwarding network
operates at 60 Hz and the devices connected to it cause interference to the C-F and C-V

measurements.

The settings for all measurements implemented were done through the HP4284A Bias Step
Measurement1.vi program with a voltage range of -2 to 2V with 100 mV step, with Trigger Source
External and the frequencies of 100 Hz,1 kHz, 10 kHz, 100 kHz, 1 MHz were tested.

+
LabVIEW

3

HP4284A
LCR METER

HP4140B )

pA METER

—

Figure 6.5 Electrical Measurement’s process: from prober to HP4284A & HP4140B via coaxial cables
and from them to computer via GPIB cable.

6.2.3C-F Measurements

The data required for the investigation of a material's conductive and dielectric characteristics
was supplied by C-F measurements. C-F measurements evaluate how the capacitance of the MIM
capacitor changes with frequency. This can provide insights into the dielectric relaxation processes
and the response time of the dielectric material. The C-F curve is analyzed to determine the frequency
response of the dielectric material, which can reveal information about the polarization mechanisms

and the dielectric relaxation time.

The HP 4284A LCR METER from Hewlett Packard and the prober spike station were used for the
C-F measurements. The connectivity is the same as that included in the C-V measurement

methodology.
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6 Electrical Characterization of Doped PLA

The settings for all the measurements implemented were with logarithmic adjustment in the
frequency range from 100Hz to 1MHz, with Trigger Source External and a range from —2V to 2V.

Finally, through the program the measurements of capacitance, conductance versus voltage is taken.

6.3 Characterization of Capacitors

6.3.11-V measurements

The leakage current (I) as a function of applied voltage (V) for all samples is presented in Figure
6.6. The current was measured for voltage ramps starting at 0V and going to +10V and back to 0V
and then to —10V and back to 0V. The results presented in Figure 6.6 reveal that the magnitude of
the leakage current is at the noise floor of our measurement system which is almost 5 - 107134. We
can then use our samples’ dimensions to calculate the resistivity of the PLA composites examined.
By doing so, we conclude that the resistivity is larger than 6 - 10*Qcm for all composites. This value
is consistent with reports on the volume resistivity of pure PLA ranging from 5 - 10*Q2 - cm [11] up

to4-10702cm [12].

9.0x107 -
——PLA - 0% SiC
- PLA - 1% SiC
8.0x107" 1 ___pLA-2%sic
—PLA-3% SiC
7.0x1073 1
< Ao
= 60107 Ao "’V‘?A‘]
3 5.0x1071%4 )
4.0*10713 ‘_H o ?', ol g
3.0x1073 1

10 -8 6 4 2 0 2 4 6 8 10
Voltage (V)

Figure 6.6 Leakage current as a function of applied voltage for all samples. The measurements were
performed using voltage ramps going from +10V to oV to -10V to oV.

Another interesting observation concerning the leakage current is that there is a hysteresis of the
current voltage curves with respect to applied bias. This hysteresis must be due to charge trapping
within the PLA material. Interestingly, the addition of SiC, seems to reduce the perceived trapping
without increasing the leakage current and, thus, the volume resistivity of the composite material.
In fact, the resistivity seems to decrease with increasing SiC content, even though the measurements
are very close to the noise floor of our instrumentation and the SiC content is smaller than usually
reported additive contents [11], [12]. We need to stress at this point that SiC is not a conducting
material, which is a significant difference between these cases and other reported additives in PLA

in the literature.
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6.3 Characterization of Capacitors

6.3.2C-V measurements

A characteristic example of a capacitance versus voltage measurement at voltage range from -2V
to 2V for all samples appears in Figure 6.7 for SiC doped PLA samples. As would be predicted given
the voltage range of the observations, the capacitance is nearly constant. More significantly, though,

there is a noticeable variation in the capacitance values between the samples.

4.0x10"
Frequency : 10* Hz
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e
@ 3.6x107""4
c
pu]
©
8 3.4x107" 4
©
O ——PLA - 0% SiC
. PLA - 1% SiC
3.2x107" A ——PLA - 2% SiC
——PLA - 3% SiC
3.0x10™" T T .
2 -1 0 1 2

Voltage (V)
Figure 6.7 Capacitance vs Voltage at 10*Hz frequency for all samples PLA-SiC.
The dielectric constant from the C-F measurements will be computed for all samples from 0 to

3wt% SiC in the upcoming chapter and it will also be observed that data from C-F and C-V agree.

Figure 6.8 shows a typical example of a capacitance versus voltage measurement for all samples
at a voltage range of -2V to 2V for ZnO doped PLA samples. The dielectric constant from the C-F

measurements will be computed for all samples from 0 to 3wt% ZnO in the upcoming chapter and

it will also be observed that data from C-F and C-V agree.
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Figure 6.8 Capacitance vs Voltage at 10*Hz frequency for all samples PLA-ZnO.
6.3.3C-F measurements

A characteristic example of a capacitance versus frequency measurement at 0 bias voltage for all

samples appears in Figure 6.9 (a). It can be seen that the capacitance is almost constant, as expected
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6 Electrical Characterization of Doped PLA

for the frequency range of the measurements. Small variations of the capacitance of each sample are
most probably due to the presence of interface charge traps between the PLA and Al. More

importantly, though, a distinct difference in measured capacitance exists between the samples.

Using the measured capacitance at 10 kHz, the dielectric constant for each sample was calculated
using eq. ( 6.1). The results are presented in Figure 6.9 (b). The error bars have been calculated using

the error associated with the material thickness measurement.

A clear increase in dielectric constant with SiC concentration can be seen from Figure 6.9 (b). The
dielectric constant of PLA with 0% SiC is measured to be 3.2, which is a little higher than previously
reported values ranging from 2.5 to 3.11[7], [8]. This value increases monotonically with SiC
concentration, to 3.87 for the PLA with 3% SiC sample. Considering that the SiC has a dielectric
constant of almost 15 [9], in its powder form, the observed increase in dielectric constant with SiC
concentration is not surprising. In fact, this type of effect has been shown in the literature for a

variety of material shapes [10].
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Figure 6.9 (a) Capacitance vs frequency at zero bias voltage for all samples PLA-SiC and (b)
Dielectric constant of the PLA-SiC composite material as a_function of SiC concentration

A measurement of a capacitance versus frequency measurement at 0 bias voltage for all samples
PLA-ZnO appears in Figure 6.10 (a). The capacitance is almost constant, as it was noticed for PLA-

SiC samples, as expected for the frequency range of the measurements.

Using the measured capacitance at 10 kHz, the dielectric constant for each sample was calculated
using eq. ( 6.1 ) and the results are presented in Figure 6.9 (b). The error bars have been calculated

using the error associated with the material thickness measurement.

Figure 6.10 (a) shows the capacitance as a function of the frequency at zero bias for the ZnO-
doped samples. We notice that the capacitance is almost constant for all frequencies, with small
variations that can be attributed to Al/PLA interface charges. The variation in the capacitance values

can be attributed to variations in capacitor thickness (Table 3) as well as the dielectric constant.
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6.4 Analysis & Discussion
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Figure 6.10 (a) Capacitance vs frequency at zero bias voltage for all samples PLA-ZnO and (b)
Dielectric constant of the PLA-ZnO composite material as a function of ZnO concentration

Taking the measured thickness values and the capacitance values at 10 kHz into account, we can
calculate, by using eq. ( 6.1 ), the dielectric constant as a function of ZnO doping. The results are
shown in Figure 6.10 (b). We notice that the dielectric constant of the ZnO-doped PLA increases
monotonically from 3.3 for undoped PLA to 3.9 for 3%Zn0O-doped PLA. Such behavior has been
reported in the literature when materials of various shapes are immersed in a matrix [10] if the
dielectric constant of the inclusions is higher compared to the host matrix. This applies to our case,
since the dielectric constant of ZnO nanoparticles is about 10 [18] , much higher compared to the

dielectric constant of PLA.

6.4 Analysis & Discussion

Regarding the influence of SiC microparticles on the electrical properties of PLA composite a clear
increase in the dielectric constant was observed. The dielectric constant of PLA increased
monotonically with SiC from 3.2, for pure PLA, to 3.8 and with ZnO to 3.9, for PLA doped with 3%
SiC/ZnO.
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Figure 6.11 Dielectric Constant of PLA composites with various concentrations of SiC and ZnO.

Moreover, the resistivity of all composites is larger than 6 - 10'*2cm, indicating that the addition
of SiC does not deteriorate the insulating properties of PLA. An hysteresis of the current voltage
curves with respect to applied bias was observed. This is maybe due to charge trapping within the
PLA material. The addition of SiC and ZnO appears to decrease this charge trapping without

increasing the observed leakage current and thus the dielectric properties of the PLA material.
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7 Assembly and Characterization of Tribogenerators

7 Assembly and Characterization of

Tribogenerators

The Triboelectric Characterization was carried out in the Energy Harvesting and Autonomous
Sensors Laboratory of the Institute of Nanoscience and Nanotechnology (INN) of the National

Centre for Scientific Research "Demokritos".

7.1 Construction of tribogenerators

The triboelectric nanogenerators used in this study operate according to the contact-separation
mode. Cylindrical samples, with a diameter of 32 mm, were 3d printed using a CREALITY CR20 Pro
3D printer and the aforementioned doped PLA filaments. The specimens that were used in this study
were fabricated with the produced filament. A grinder/polisher (STRUERS DAP-7) was used to
polish the 3D printed samples using #1000 SiC paper until they reached a thickness of about 390 um.
A constant water supply was used to eliminate any remaining particles. Following that, the samples

were cleaned with absolute alcohol and dried.

As areference triboelectric surface, a 75 um-thick Kapton® layer (DuPont™) was cut from a large
sheet at a dimension of 2x2 ¢m?. Each triboelectric surface was mounted on hexagonal PCB sample
carriers using double-sided aluminum conductive tape, completing a triboelectric pair, shown in
Figure 7.1. The PCB carrier boards contain a contact pad on the backside providing the electrical

contact for the triboelectric surfaces.

tribogen_carrier_vl

PCB carrier

B

Figure 7.1 PCB carrier for mounting the fabricated materials and the Kapton films, used as the
reference surface, for the triboelectric characterization.
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7.2 Description of experimental set-ups

7.2.1 Horizontal Contact-Separation

For the periodic motion of the triboelectric surfaces two in-house systems were used as shown in

Figure 7.2 (¢).

This in-house experimental setup used for triboelectric characterization of the produced pure
PLA, SiC-doped PLA and ZnO-doped PLA samples at horizontal contact-separation mode works with
a motor that starts and moves the dynamic holder towards the static holder. The motor's rotation is
converted into linear motion through a screw system. The dynamic holder contacts the specimen
placed in the static holder. The pressure applied during this contact can be controlled and measured.
After the initial contact, the system waits for a predefined delay (in this case, 250 ms). During this
time, the physical and electrical effects of the contact are taking place—generating a triboelectric
charge. After the delay, the dynamic holder retracts, separating from the static holder. The separation
can also generate tribological or triboelectric effects. This press-and-release process can be repeated
multiple times with a frequency 2 Hz to simulate wear over time or to generate more electrical charge

through continuous contact and separation.

In this setup, using a load cell and the oscilloscope it may be recorded various data points such as
force, displacement and electrical charge during each contact and separation cycle. The collected
data is obtained from LabView software and then analyzed to understand the characteristics of the

materials or to optimize the energy generation through the triboelectric effect.

PLA-SIiC / PLA-ZnO
(a) Fressing Dynamic Holder Static Holder Kapton Pressing
R () oA
| |
I I / ! 1
| " | 1
l\.. | I\ o _ ,l
Releasing
Kapton PLA-SiC / PLA-ZnO

D ic Hold!
(Static Holder) (Ovpapic Halder)

(c)

~
(="
-~

Voltage (V)
d A v o N s o @

Releasing

Figure 7.2 (a) Tribogenerator’s pressing and (b) releasing signal and (c) the in-house horizontal
contact separation system and (d) direct signal from the in-house system.
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7 Assembly and Characterization of Tribogenerators

7.2.1.1 Triboelectric Signal Optimization
For tribo tapping, it is necessary to set which is the relative zero of contact of the two parallel
plates. Initially, we place a sheet of paper with a thickness of approximately 100 um between the two

plates and assume that they come into contact when the sheet is securely maintained.

PRdP
c c
B 2 B
1 2
r
Stop Position ! Starting Position
1 ! |
: Xfinal = X + 1900 pm ! Distance :
) i |
1 ! |
' : |
XG 'l Xinitial

Base Position
Base Position + 100 pm (Paper Thickness)

Figure 7.3 Schematic of contact of two plates.

After investigation, when the dynamic plate shifts +1900 um after the relative zero, as previously
mentioned, the two plates can hold the paper sheet. At that moment, the oscilloscope records the
maximum triboelectric signal.. (see Figure 7.4). The measurements were made adding each time

+100 um to that distance.
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Figure 7.4 Triboelectric signal dependence on the stop position of tapping.
This can be explained by the fact that when the force between the two plates increases the
triboelectric signal increases as well. However, at force values greater than this, the triboelectric

signal stabilizes, leading to a steady state.
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Figure 7.5 Schematic when the two PCBs are in their initial positions.

The triboelectric signal optimization's reliance on the separation between the two PCBs for
tapping is another thing to note. When the tapping distance is more than 3000 um, the triboelectric

signal is in a steady state.
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Figure 7.6 Triboelectric signal dependence on the tapping distance.

7.2.2Vertical Contact-Separation

Capacitor charging was performed with the system shown in Figure 7.7 (b).

The setup includes a motor that is responsible for driving the movement of the dynamic holder.
It can move the holder vertically to contact the material on the static holder. The dynamic holder,
attached to the motor, moves downward to press the material against the static holder and then
retracts, following the motor's motion. This is the part that taps with a frequency 2,5 Hz. The static

holder holds the material in place as the dynamic holder taps it.
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(a) . ®)
§
=

PLA-SiC / PLA-ZnO

Kapton

Figure 7.7 (a) Schematic of tribogenerator and (b) the in-house vertical contact separation system.

7.2.3 Instantaneous Electrical Signal Measurement

The instantaneous electrical signal for each sample was measured using the horizontal contact

separation system as shown in Figure 7.2.

The voltage was measured by the laboratory InfiniiVision DSO7104A oscilloscope (Agilent
Technologies) for about 20 minutes with frequency 2 Hz for each composite material to capture the
instant signal of triboelectric effect and data was obtained from LabView and analyzed using python

program.
7.2.4 Capacitor Charging

The development of energy-generating microstructures opens the door to the potential for self-
sufficient electronic devices. Therefore, the development of circuit devices that gather electrical
signals and convert them into usable form for charging devices or storage systems becomes
necessary. When triboelectric nanogenerators are used, the voltage-current that is produced takes
the form of an alternating signal since the peaks have opposite polarity. Direct current [60] is needed
to charge electronics. A passive rectification circuit was built to store the energy generated by the
triboelectric generators. The following circuit components were utilized to build the rectifier bridge

circuit:
¢ 4 x Silicon diodes: 1N4148, forward voltage, V = 0.7V
¢ 1 x Capacitor Storage, C = 0.47 uF

The energy harvesting device's whole connection is depicted in the Figure 7.8. Similar to how the
storage capacitor was linked to the rectification circuit's output, the triboelectric nanogenerator was

connected in parallel to the quad bridge rectifier circuit’ input.
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Figure 7.8 Energy harvesting circuit schematic: tribo-generator, rectifier bridge circuit, storage
capacitor, Keithley 617 electrometer.

The selected system for the capacitance voltage measurements is depicted in Figure 7.7, with the

selected mode being vertical contact separation as appeared in Figure 7.7.

The quad bridge rectifier circuit is the intermediate stage between the tribogenerator and the
energy storage capacitor. To derive the characteristic capacitor charging curve for each of the
dielectrics, the tribogenerator was set in vertical contact mode. The voltage was measured by the

laboratory Keithley 617 electrometer for about 20 minutes for each composite material.

The capacitor is charging itself from ambient noise if the value on the display changes. The

rectifier is covered in metal just in case, protecting the grounds and preventing noise.
The measuring data was obtained via LabView software from Keithley 617 and every
measurement was made with frequency of 5 Hz (200ms on-off time).

7.2.5 Open Circuit Voltage Measurement

For the estimation of the open circuit voltage as a function of an external load, the Open Circuit

Voltage the methodology developed by Jayasvasti et al. [13] was applied.

This method was created to deal with the measurement issue that arises when an oscilloscope
operates as an open circuit measuring device too much less than optimally. Thus, Kirchhoff voltage
law might be used to calculate the electrical metrics of the setup (see Figure 7.9) of our method for

measuring the voltage across a resistor divider inserted parallelly [13].
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TENG R Oscilloscope
: | Rine [ Z T ; | I
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Figure 7.9 Schematic diagram of the conventional measuring technique.

Where:

e R;,, isVariable load resistor.
®  Ry4ivis Voltage-divider load resistor.

e i;, isVoltage-dividerload current.

With this technique, the voltage across the divider resistor, Vread, was the actual voltage that the
oscilloscope measured. In order to determine the theoretical voltage that the TENG produces across

the load resistor, V,,,;, equation ( 7.1 ) was derived from Kirchhoff law [13]:

Vread X RL
Ve = ——20d = L (7.1)
out RLdiv// Rprb

Vread X (RLvr + (RLdiv// Rprb))

(7.2)
RLdiv// Rprb

Vout =

The hands-on wiring of the Figure 7.9 is shown in Figure 7.10 :

Figure 7.10 Voltage divider circuit wiring after the extra grounds.

The output (black wire) of the variable resistance box is connected to one end of the 1 M2 resistor

that is placed on a breadboard. The 1 M is the R, 4;,, of the Figure 7.9.
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7.2.6 Short Circuit Current Measurement

The Short Circuit current was measured with an in-house-assembled current preamplifier

comprising of a simple current-to-voltage converter circuit (transimpedance amplifier, TIR) [61] .

The short circuit current measurement circuit is called transimpedance and is given by the

following schematic Figure 7.11 (a):

(a) Transimpedance

: Oscilloscope

r--—1

(b)

Figure 7.11 (a) Short Circuit Current Circuit diagram using transimpedance and (b) Short Circuit
Current Measurement’s wiring.

The transimpedance circuit is then activated and measurements are made using the variable load
resistance range from 0 up to 100 M2 with a step 1 M2 for the first 10 M2 values and then with a
step 10 M2 up to the maximum of R;,,- (100 M(2). The hands-on wiring is shown in Figure 7.11 (b) .

Then, the current is converted to voltage through the analogy that corresponds to wiring of
transimpedance circuit. Using the method given in Figure 7.11, the TENG’s output voltage of open

circuit was calculated with sensitivity 10 mV /uA.

According to Mallimeni [62] the performance of the use of transimpedance box is similar to that
of the expensive SR570 instrumentation as shown in Figure 7.12 that is presently in use within the
TENG community. As demonstrated in this study, the transimpedance circuit as shown in Figure
7.11 is a simple and cost-effective precision current preamplifier for measuring low-amplitude,

dynamic current signals generated by TENGs.
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InfiniiVision DS07104A
Low — Noise Preamplifier Oscilloscope

Figure 7.12 Schematic illustration to measure electrical currents generated by TENG device using
SR570.

This study was confirmed experimentally, and data calculated with sensitivity 1000 mV /uA.
However, the final short current measurements were performed using the system appeared in Figure

7.11.
7.2.7 Estimation of Maximum Power Output

For the estimation of the power as a function of an external load as well as the Open Circuit

Voltage the methodology developed by Jayasvasti et al. [13] was applied.

Let’s consider that P, is the electrical power across the load resistance and R, is the load
resistance. Their dependence on each other is expressed by equation ( 7.7 ) . The load current value
is calculated from the voltage generated by TENG across the load resistance
(Rint» Rivrs Riaivs and Ry,,p), which is based on Kirchhoff’s law, as shown in equation ( 7.4 ). The key
voltage-divider resistor R, 4;,, value is considered in equation ( 7.8 ), based on the application of

Kirchhoff’s law to the configuration of our technique,

PinZxRL (73)

2
= < - ) x (Rpvr + (Reaiv // Rprp) (7.4)
(Rint + (RLVT + (RLdiv// Rprb))

If we consider the TENG voltage is V,,,;, the estimated electrical output power by the TENG energy

harvester is described from the equation:

2
P = Vout (7.5)
R,
VZ
P, Ut (7.6)

" Ruwr + Roai// Rord))

The data was obtained from LabView and the analysis using Origin and Python.
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7.3 Electrical Characterization of Tribogenerators

To investigate the output performance of PLA-based TENGs four different types of measurements
were performed: a) time-dependent output voltage (transient), b) capacitor charging and ¢) Open

Circuit Voltage (V,.) and d) short circuit current (/,.).

For the transient measurements an InfiniiVision DSO7104A oscilloscope (Agilent Technologies)
was used while for the capacitor charging (C = 0.47uF) measurement a full, quad bridge rectifier

circuit with was used. The capacitor voltage was monitored by a Keithley 617 electrometer.

Figure 7.13 shows the triboelectric signal as a function of time for the various TENGs doped with
SiC. We notice that initially the triboelectric signal increases from 11.3V for pristine PLA to 14.4V for
PLA doped with 1.5wt% SiC. However, as the SiC concentration increases to 3wt% the triboelectric

signal is reduced to 10.5V, which is comparable to the value obtained for the undoped PLA.
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Figure 7.13 Time-dependent triboelectric (a) instant voltage signal and (b) Voltage peak to peak for
tribogenerators with different SiC concentrations.

Figure 7.14 shows the triboelectric signal as a function of time for the various TENGs doped with
ZnO. We notice that the triboelectric signal increases as the concentration of ZnO increases reaching

a value of 40V when the concentration of ZnO is 3wt%.
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Figure 7.14 Time-dependent triboelectric (a) instant voltage signal and (b) Voltage peak to peak for
tribogenerators with different ZnO concentrations.

The results from the previous chapter are confirmed by the capacitor charging experiments.

Figure 7.15 shows the capacitor voltage as a function of time for SiC-doped PLA and Figure 7.16 for
ZnO-doped PLA TENGs.

For SiC-doped PLA it is noticed that the maximum capacitor charging is achieved for TENG with
1.5% SiC with charging Voltage at 15.35 Volts. Also, it is observed that the charging voltage is

stabilized after approximately 5 minutes of tapping.
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Figure 7.15 Capacitor voltage as a _function for tribogenerators with different SiC concentration.
For ZnO-doped PLA it is noticed that the maximum capacitor charging is achieved for TENG with
3% ZnO with charging Voltage at 45.85 Volts. It has been shown that the charging voltage increases

as ZnO content in PLA increases. Also, it is observed that the charging voltage is stabilized after

approximately 5 minutes of tapping.
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Figure 7.16 Capacitor voltage as a function for tribogenerators with different ZnO concentration.
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Figure 7.17 shows the voltage output of SiC-doped PLA as a function of the external load. We
notice that the 1.5wt% doped SiC exhibits the highest open circuit voltage reaching a value of 26V.

35

—a—PLA - 0% SiC —e— PLA - 1% SiC —4— PLA - 1.5% SiC
—v—PLA - 2% SiC —#—PLA - 2.5% SiC —«—PLA - 3% SiC
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—h——— e\ A-—-ﬂ‘—-—"“‘_'—-‘
25 /
A
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60 80 100
(MQ)

RLoad

Figure 7.17 Open Circuit Voltage (Voc) for tribogenerators with different SiC concentration.

Figure 7.18 shows the voltage output as a function of the external load. We notice that the 3wt%

doped ZnO exhibits the highest open circuit voltage reaching a value of 50V.

50- —
] /v/ N
401
: -
v
] 4
— 301 /
zp : ‘vr p— b a—s—"
g ¥ // 2 y —
> 20__ ry e
] —s— PLA - 0% ZnO
—eo—PLA - 1% ZnO
—a—PLA - 2% ZnO
—v— PLA - 3% ZnO

60 80 100
MQ)

R

Load (
Figure 7.18 Open Circuit Voltage (Voc) for tribogenerators with different ZnO concentration.

Similar conclusion for SiC composites can be obtained from Figure 7.19, where the tribogenerator

current is shown a function of the external load. We observe that the short circuit current (at zero

external load) for the 1.5wt% SiC doped PLA reaches 2uA (500n4/cm?), which is higher compared

to all other samples.
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Figure 7.19 Short Circuit Current (Isc) for tribogenerators with different SiC concentration.
Similar results to the chapter 7.2.5 can be obtained from Figure 7.20, where the tribogenerator
current is shown as a function of the external load. We notice that the short circuit current for the

3wt% ZnO doped PLA reaches 2.2uA (550n4/cm?), which is higher compared to all other samples.
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Figure 7.20 Short Circuit Current (Isc) for tribogenerators with different ZnO concentration.
Similar results for SiC composites can be extracted from Figure 7.21 where the dependence of the
generated power is shown as a function of the external load. We notice that the maximum power
obtained for the 1.5wt% SiC doped PLA is 26uW (6.5uW /cm?), considering that the surface area of

the samples is 4cm?), which presents 2.5 times increase compared to all other samples.
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Figure 7.21 Power as a_function of the external load for tribogenerators with different SiC
concentrations.

For ZnO composites, similar results can be extracted from Figure 7.22 where the dependence of
tribogenerator power is shown as a function of the external load. We notice that the maximum power

obtained for the 3wt% ZnO doped PLA is 80uW (20uW /cm?), which is about 8 times higher
compared to the undoped PLA.
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Figure 7.22 Power as a function of the external load for tribogenerators with different ZnO
concentration.

7.4 Analysis & Discussion of the Results

To better understand the results, we refer to the theoretical analysis of Niu et al. [14]. Figure 7.23
shows a schematic of a tribogenerator composed of two dielectric surfaces and the electrodes
attached at the back side of the dielectrics. The TENG operates in the contact-separation mode.
When the two triboelectric surfaces are in contact electric charges of opposite polarities appear on
the surfaces of the dielectrics, due to charge transfer between the two materials. In our case the
surface of PLA is charged positive where the surface of Kapton is charged negatively, due to the

differences in the electronegativities of the two materials.
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Figure 7.23 Schematic of the triboelectric generator in contact-separation mode.

The voltage that develops across the device is given by the V-Q-x relationship:

ox(© (7.7)

Q
Vi) = ——|dy +x(t)] +
(0= — g ldo +xO] + =
where Q is the amount of charge at the metal contact, o is the surface charge density on the surface
of the dielectrics, g, is the permittivity of vacuum, S is the contact area between the triboelectric pair

and d, is given by the equation:

dy = 4 + 4z (7.8)
&1 &r2
where d;, d, and ¢,4, €, are the thicknesses and relative dielectric constants of the dielectric layers
1 and 2 respectively. In our case where Kapton® ) is used as the reference electrode and composite
PLA is used as the active electrode the values are: d;, = 75um, 1 = 3,d, = 390um. The value for ¢,,

depends on the composite doping.

Alternatively, equation ( 7.7 ) can be written in the form:

Q

TENG
where CTENG is the total capacitance of the TENG given by the equation ( 7.10)

V(i) = — + Voo (7.9)

Seg
C _ (7.10)
TENG ™ [do +x(®)]
and V. is the open circuit voltage as defined in equation ( 7.11)
OC:J-x(t) (7.11)
E0

Figure 7.25 (a) shows a comparison of the open circuit voltage V,. and the short circuit current Isc
of the TENGs with the various concentrations of SiC and ZnO. We see that as the concentration of
SiC and ZnO increases Voc and Isc are enhanced in both cases. In fact, for the SiC-doped PLA, V,.

and [, are increased by 42% and 48% respectively compared to undoped PLA as the concentration
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increases to 1.5wt%, while for ZnO-doped PLA the increase is 44% and 69% respectively as the
concentration increases to 2%. Similar behavior is observed for the maximum power with the

increase being 280% and 188% respectively.

Such a behavior can be attributed to the improvement of the capacitance/dielectric constant of
doped-PLA due to the introduction of fillers (micro/nanoparticles) with higher dielectric constant
compared to the PLA [15]. It has been demonstrated that the inclusion of fillers within a dielectric
can enhance the triboelectric signal. This is because nanoparticles with higher dielectric constant
compared to the host, when dispersed in the matrix, will act as microcapacitors. Upon the presence
of an electric field, charge will accumulate at the interface of the particles, leading to interfacial
polarization and an enhancement of the surface charge density of the dielectric layer [16] as shown

in Figure 7.24.

© 0-0-0 0 [

- Dielectric Layer

Conductive Layer

Figure 7.24 Schematic diagram of internal interface polarization in TENG dielectric layer thin films
doped with dielectric/conductive nanoparticles, inspired from [16].

| +
I+

Moreover, the presence of these particles will increase the dielectric properties of the composite
material. It has been shown theoretically that the inclusion of particles with higher dielectric
constant than the host matrix, will increase the dielectric constant, regardless of the shape of the
particles [17]. The reported values for the dielectric constant of PLA range from 2.5 to 3.11 [7], [8],
which is much lower compared to the dielectric constant of SiC which is almost 15 in its powder form
[9] and for ZnO nanoparticles which is about 10 [18]. From chapter 6.2.2 we have demonstrated that
the inclusion of SiC particles monotonically increases the dielectric constant of the composite
material reaching a value of 3.9 for the 3wt% SiC doped PLA. Similar results are expected for ZnO
doped PLA. This increase in the dielectric constant significantly increased the density of the charges
that can be accumulated on the copolymer during physical contact [19]. From Figure 7.25 (a) and
considering equation ( 7.10 ) we can conclude that the surface charge density for the 1.5wt% SiC-
doped samples and the 3wt% ZnO-doped samples is increased compared to the undoped PLA
reaching a value of 2.65uC/m? and 4.86uC /m? respectively.

106 Stefania Skorda



7 Assembly and Characterization of Tribogenerators

60 T T T T T 3.0 T T T T T

I sic : s :
B 70 B 770

40 8 2.0 5 R

830 &:15
] ] < 5] |
= 3

0.0 05 1.0 15 2.0 25 3.0 0.0 05 1.0 15 2.0 25 3.0
SiC/ZnO concentration (%) SiC/ZnO concentration (%)

() (b)

00 05 10 15 20 25 30
SiC/Zn0 concentration (%)

(©)

Figure 7.25 (a) Open circuit voltage and (b) Short Circuit current and (c) power of the TENGs with the
various concentrations of SiC and ZnO.

Another point that we notice from Figure 7.25 is the different behavior between the PLA-doped
materials. We observe that for the ZnO-doped samples the triboelectric signal continues to increase
as the concentration increases to 3wt%. In fact, the open circuit voltage, short circuit current and

power output are increased by 265%, 177% and 741% respectively, compared to the undoped PLA.

However, the SiC-doped PLA behaves in a different way. The triboelectric signal reaches a
maximum (at 1.5wt% in our case) and then it is reduced as the concentration is increased to 3wt%.
To better comprehend this behavior, we take the mechanisms that influence the triboelectric signal
into consideration. For the doped PLA samples, there are two competing mechanisms that determine
the triboelectric signal: (a) the doping with the SiC to ZnO particles, which lead to an increase in the
triboelectric signal due to increased dielectric constant/capacitance of the doped PLA samples, as we
have analyzed above; and (b) an increase in surface roughness, which leads to a decrease in the
triboelectric signal due to the reduction in the active contact area between the two triboelectric
surfaces. As we have mentioned, during preparation the samples were polished with a SiC polishing
paper to reduce the surface roughness of the 3D printed surface. This results in a relatively low value

of surface roughness. From optical profiler measurements, we estimate the root mean square height
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is less than 0.3 um. However, as the concentration of SiC in the PLA matrix to increases 3wt%, the
surface roughness increases by 33%, reaching a value of 0.41 ym. This results in a reduction in the
surface contact area leading to a decrease in the triboelectric signal. In contrast, for the ZnO-doped
PLA, optical profiler measurements indicate that the incorporation of ZnO particles in the PLA does
not influence the surface roughness. This can be attributed to the smaller size of ZnO nanoparticles

as well as the fact that ZnO is much softer compared to the SiC grinding paper.

The reduction in the triboelectric signal due to the increased surface roughness agrees with
literature results. Kumar et al. [20] investigated the impact of random multiscale surface roughness
on the triboelectric signal of TENGs. These researchers developed TENGs based on transparent mica
in contact with polyvinyl siloxane (PVS) with modulated surface roughness. With the aid of a novel
in situ optical technique, they were able to directly estimate the contact surface area as a function of
the roughness. They observed that, as the roughness increased, the triboelectric signal as well as the
output performance of the TENG did as well, due to the decrease in the real contact area. Similar
results were obtained from Wen et al. [21] who investigated, both theoretically and experimentally,
a conductor—dielectric contact separation TENG for sensing the roughness of material surfaces. The
reduction in the triboelectric signal for PVDF-doped SiC has also been reported in the literature by
Shafeek et al. [22]. Those researchers investigated the influence of SiC nanoparticles on the
triboelectric properties of a polyvinylidene fluoride (PVDF)/silicon carbide (SiC) nanocomposite.
They showed that the triboelectric signal can be greatly enhanced compared to pristine PVDF as the
concentration of SiC increased up to 6%. However, for higher concentrations (9%) the device output
tends to decrease. They attributed this decrease to the agglomeration of SiC nanoparticles on the
surface of the PVDF films resulting in reduced contact area between the PVDF and the polyamide

that was used as a reference material.

7.5 Data Analysis using Python

The data analysis of all kinds of measurement was implemented with Python 3.9.13 in the
programming environment Visual Studio Code. During this thesis, it was necessary to create User
Interfaces (Uls) to directly make the analysis from LabView measurements to final data. The

repository that includes all the scripts for Uls and analysis of the results are located on GitHub:

e GitHub Profile: stefaniaskorda (Stefania Skorda)
e Link to thesis’ repository: https://github.com/stefaniaskorda/Diploma-Thesis-PLA-

based-Tribogenerators

The goal of these scripts was to handle the thousands of lvim/csv files from each kind of

measurement.
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8 Conclusions and Future Perspectives

In this thesis, we have explored the effects of incorporating micron-sized SiC particles and nano-
sized ZnO particles into PLA composites, examining their impact on mechanical, electrical, and

triboelectric properties.

Our findings reveal that SiC particles can significantly improve the mechanical strength and
dielectric constant of PLA composites at optimal concentrations. Specifically, a 1.5wt% SiC
concentration in PLA enhances the triboelectric output power by 284% compared to pure PLA.
However, increasing SiC content to 3wt% diminishes these gains, aligning with similar observations
in PVDF composites doped with silicon carbide nanoparticles, likely due to reduced contact area
between triboelectric surfaces. Conversely, the addition of ZnO particles to PLA composites has a
diminishing effect on mechanical properties, with both tensile strength and hertzian compression
load decreasing as ZnO content increases. Despite this, the triboelectric performance of PLA-ZnO
composites improves with higher ZnO concentrations, culminating in a remarkable 741% increase

in output power at a 3wt% ZnO concentration.

These contrasting outcomes underscore the nuanced role that filler concentration plays in the
multifaceted performance of PLA composites. The strategic selection of SiC and ZnO concentrations
can tailor the balance between mechanical robustness and triboelectric efficiency, offering valuable
insights for the development of advanced materials in applications where specific property

enhancements are desired.

However, the long-term performance of PLA-based TENGs is a concern, as the aging of PLA could
potentially degrade its triboelectric performance. It was observed from our experiments that a PLA-
based sample's triboelectric performance was declining over time. Physical aging in PLA is primarily
attributed to the rearrangement of polymer chains towards a more thermodynamically stable state.
This process is influenced by factors such as temperature and humidity and can lead to changes in
the material's mechanical and electrical properties. The glass transition temperature (Tg) of PLA is
a critical parameter, as aging processes accelerate at temperatures near Tg. Another significant
aspect of PLA aging is the formation of nanopores within the polymer matrix. These structural
changes, possibly resulting from the loss of volatile components or environmental stress, can
adversely affect the material's triboelectric performance by altering its ability to generate and
maintain triboelectric charges. The aging of PLA can lead to a decrease in the triboelectric output of
TENGs. This reduction in performance is partly due to changes in the crystallinity and mechanical
properties of PLA as it ages. Studies have indicated that the triboelectric output is correlated with
the material's crystallinity, suggesting that aging-induced alterations in crystallinity could diminish
the efficiency of PLA-based TENGs.
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Further investigations are necessary to fully understand the long-term effects of aging on PLA-
based TENGs under real-world conditions. The development of new composite materials and the
exploration of alternative biodegradable polymers with enhanced aging resistance could pave the
way for the next generation of sustainable and reliable TENGs. Additionally, advanced
characterization techniques for monitoring the aging process in situ will provide valuable insights

into the material's behavior over time, facilitating the design of more durable and efficient TENGs.

One other of the key areas for future research include the investigating tribogenerators with novel
structural designs, such as incorporating additional surfaces or non-linear, curved surfaces, could
significantly enhance energy output. This exploration could lead to breakthroughs in maximizing the
efficiency of mechanical-to-electrical energy conversion. Transitioning from simple passive circuits
to sophisticated active systems and integrated energy management solutions can substantially
improve the efficiency of converting harvested energy into usable power for external loads. This
advancement is pivotal for developing self-sustaining systems that ensure maximum reliability,
especially during periods of ambient energy scarcity. While some solutions have transitioned into
commercial products, there remains a vast potential for tribogenerators in various sectors, including
wearable electronics, smart textiles, and renewable energy harvesting. Future research should focus
on bridging the gap between laboratory prototypes and commercial applications, addressing

challenges related to scalability, durability, and integration with existing technologies.

The exploration of tribogenerator technology, as discussed in this thesis, is crucial for advancing
renewable energy solutions. The simplicity and cost-effectiveness of constructing tribogenerators,
coupled with versatile energy management and storage solutions, lay a solid foundation for further

innovation.
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