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60402207 : Major (POLYMER SCIENCE AND ENGINEERING)
Keyword : Rotational jet spinning, non-woven fiber

MR. WORAPON RODCHANASURIPRON : DEVELOPMENT OF THE ROTATIONAL
JET SPINNING MACHINE FOR POLYLACTIC ACID FIBER THESIS ADVISOR : ASSISTANT
PROFESSOR SUPAKIJ SUTRIRUENGWONG

The objective of this research develops the technique of non-woven
polylactic acid fiber fabrication by developing a rotational jet spinning
(RLS) technique. The prototype of RJS is a cotton candy machine due to a cotton
candy machine doesn't spin polylactic acid. Therefore, it is a necessary development
for non-woven polylactic acid fiber fabrication. The components of the cotton candy
machine that need to be improved are spinneret and cover, a spinneret was added
to the capillary tube for polylactic acid flows through the capillary tube. Motor and
controller system, the rotational speed not less than 9000 rpm. The heating and
controller system was installed Pt100, a temperature controller and a slip ring. The
collector system was changed to a collector bar for airflow. The structure and
electrical control cabinet was developed for supporting the high rotational speed
operation. The rotational sped and heating system was tested. The motor wasn't
installed and was installed a spinneret that can rotate with the maximum average
rotational speed of 9476 and 3811 rpm, respectively, the efficiency reduce to 60%.
The heating system can control the temperature iin the range up to 300 as well.
Polylactic acid was spun with the various grades as 3052D, L130 and Synthesis PLA.
The effect of rotational speed and temperature was investigated. All grade polylactic
acid spun into a non-woven fiber completely and it had a smooth surface. The
results showed that as the rotational speed or temperature increased, the fiber
diameter was decreased. Moreover, the viscosity of polymer melt also affects fiber

fabrication, where the viscosity too high or too low, polylactic acid can not be spun.
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azszuuiideliuiouunnaneiu nandelussuvaisazaroduledilaesd wgmf‘immﬂmi
STEv0IRITMaratsduruizanfunisldarunisdiiu Tissue engineering %3e Drug
delivery lungiiszuuliaudauanunsaldauldiowazsing lneamsuudaesos RIS
Juedewdndulonediwosnas: nn1sHangs Tdaude Teunun1snand Aendnatadianunse

HARlANS Commercial polymer Uag Biopolymer



Polymer
Reservoir

5UN 3 amdraesmsduidulesiswaiia RIS LagiATed RIS ¥89U3EW FibeRio Ju FibeRio

Y

Cyclone™ L1000M [7]

nswandulewuulniain (Electrospinning)
& a v o v a s |
Junszuiunislunisndadulonldusemedniuuusmnna lnenediuesensased

TugUansazany vieaswasumadfegluvienserludag) anuunediueinaesumaivsedls

1 ¥ i
= v

a1eazgnilminysealiihni i lagawinlniiaauesegs WeeainUszaliinduiiv

willouiuIadluswansgnineUszqinadu (Repulsive Coulombic Force) (ol senaniiiuyin

TUAUTULUSIRIRIVBIAsAzaIeNeRLDS NodesTsgnaseanuuafunududulendoy
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= o o ' v Y . . a
Auiinsseiedavinasatseenlulaenisaisleuninusiou Uefves Electro spinning Ao

a v A ya 3 = o ] a = =
fﬂlﬂiﬂf}\la@]Laui&lml@ii“ﬂu’]ﬂl,aﬂmqﬂ SUQQJSU‘U']@GNLLWWaWUaUU'}IULNmﬁﬁ]UQ\‘] 2 lﬂiﬂil,lmi N

Sundulevuiaulursedidninsatuululniues waziiosanduleduuinand Wnunig

wnuadminiun il aldandulenldannisndnainnssuiunisiasdsnguauinién
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Syringe

Polymer solution Taylor cone

Spinneret

Liquid jet

High voltage
power supply

= /Collector
o~ - - - - - 5

JUN 4 uansnszuaumsnaniduleiuy Electrospinning [9]

Melt Blowing [10]
@ ad a £ v aal a s v o v a a & 1
L‘UU'Jﬁﬂ'TiNﬁ(ﬂLﬁﬂﬂ;&]@ﬂﬂ?ﬁﬂ’]iﬂaamwaaLll@i@]')EJﬂ’J’WlI'i@‘LJI@Sﬂqiaﬂiﬂwaau\l@iﬂﬂu
44' v 4' a 3 WY
LATD9RAIA (Extruder) Lmawaamamaaumaﬂuaaaammn Extruder ﬁ]%gﬂLU’]ﬂ'JEJaNLLNT\]U
W@aLﬂJ@%Wa@‘MLM’JﬂﬁBQ’]EJ@E)ﬂLﬂUN@EJLL@%QﬂLﬂﬂmﬂaﬂ@gjﬁu Substate LLﬁ%Lg‘U(;]J’J Feaziie

Duunudulowuulddnvessguluzui 5

JUN 5 nszuumswanduly Melt blowing

(%
Y v

nszUIUNSHAMELTELUULLINNBAINNANNUNIT19AY TNITDRLALYDLESLANANIAY

dyd o a i @ v 1 [y} ¥ 3 c’lj d' a % d' £
1aNINNUTIAITANISHAMEUIEATILANAIAUAIY NIdn15NzARLdUlea gl uanulun1u



i 9 Indudedldnszuiunsndnduleinunzauiouszdnsnmasaavesnisin Wl

Favansudsdulonansldlugui 6 lnawSeufisuiuingsing 9 Adndulalueinia

Typical Atmospheric Dust —__ |

L vins | \
+ Tobacco Smoke |

| carbon Monoxide (Combustion) |
[ Paint Pigments |

[E= Bacteria
[ Coal Dust
[ Cement Dust
( Pollen |
0.001 0.01 0.1 1 10 100 1000

Size (um)

JUN 6 Wiguigunnadulewediweinvugusiemeatia RIS Aunallndu 9 wagianeng q 7

v v

gnandulaluennia [7]

dnannlunisldnunedwasiulasunlulniuaslufiudig &

Tissue engineering scaffolds

Junszurunsasadleide (regeneration of functional tissues) Wonaununie
donneuduidnnseioviafudens feiimeuusdlamnsoadatunlnalld Faduie
Andutsnisaaiadefidemsmaniulasld Scaffold Alfifulassiaisasadlugnd
Foen15 FelaATedldaRilIunuieiy Ren J wagany [11] 16ldmatia Melt electro
spinning wanLdule PCL-SBG composite titevinfuan Scaffold dmiulidenusunsgn,
Wang et al. (2011) [12] Juidule poly(lactic-coglycolic acid) A28 aTiaCentrifugal

spinning 10U 3D scaffolds @ %3U Tissue engineering

Drug delivery

& ad o 1 o a Ay 1 Y 1
Wiwdsnsihasenludiusinandesnis T,mEJa']m'mmuqumiﬂaﬂﬂaaaaﬂwam’lmu

v '
aa

nfeenisiiaUsz@ndnmagn lnadulelulasulunedwesinuinfiuasgnyugedaiu

9 =

Audnwuenftunisutdwelnednuidenlaafinnliu Amalorpavamary and Giri Dev

(2016) [13] Judule tetracycline wau PCL/PVP d@3u drug-delivery vehicle



Wound dressing

Huanyusa Adanuguiuumaiinngay asnsotestuidaionnnanaiunie
nszunnled Snvidianunsaiiufeiieanennsun Sniauuardrdlunissndourdunalés
3née FahliludianusnluiivsdesdaaiUaunaifieldoununa warlisnduses
WasuiUaunates fegreeuiddedild would dressing 9nwdulenediwesidu Liuvan was
Ay (2019) [14] laldwaila Electro spinning Tunisndatdulounlu Ingldwedimasnain
nate¥da bawn PGLA, PCL, PVA, Chitosan/PLA, Alginate/PEO/triton x-100 L & ¥

o a

Gelatin/hyaluronic acid wazldgwarvindudanlaunaiiasnwiuiaunafitinfiiinein

q
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Filter media

1 v A o Y Ay v (B [ ¥ =
L‘Uum’]ﬂﬂ’]ﬂ%‘ﬂ?%ﬂ?%lfﬂ%ﬂ'}ﬂ%a’]EJ lmwzl,ﬂumﬂsumulumﬂm Tuveanan @9

Y vy ]
U e = o [

ansausniandinszanesneenainiuld fsilTusefutaituargnguvesianiiinsiniy
fanane lwulusuldeves Y.CAhn wazaniy (2006) [15] landndanseseinia High
efficiency particulate air (HEPA) lagnanalsinaiia Electrospinng Iaeldwediuesuin
Nylon 6 @3 HEPA Huszansalunisnsesianlueinialdde 99.97% lnslunsaasdls

auslumslvaveteanie 5 cm/s wagayniailgivwn 0.3 um

Material reinforcement

Fandulounlunodiweslagniunliduianasuisdifunodiueivdouiusinza
YanAdautAidanags odnawu ui Tnefidulunedwesfiunduaduusauenaintieia
autRiBenauds Ssansadiandlunsgaduaimdiunioaisdu q vieudusnseiidldiia
Uszansnmluntsasnuves eandiau éie egnadulunsidees Muhammad Tausif
wazauz (2017) [16] laundulenuulifinneain polyethylene terephthalate (PET),
polyamide (PA) &z polyphenylene terephthalamide (PPTA) LY udanasuwssliiy

polyurethane (TPU) Mdwunindudn Waiuaud@fdenaliiu TPU


https://www.sciencedirect.com/science/article/pii/S1818087618301065#!
https://www.sciencedirect.com/science/article/abs/pii/S1567173905001604#!

IUILAIAVINUITY
- fieWaiuiades Rotational jet spinning machine (RJS) Tanunsandmdulelulas
ulunedueiuazmuauonmnilimugumnitesaus 300 °C uazanufizeull
#1171 9,000 rpm ImammL%’JsauLLasqmmﬁﬁmmwmm@LﬂﬁaulﬁLﬁu +10%
- AnwiautdseslafvemeduaninuedntminTuanaunndaiu idwareniswde

dlglulasulunedwesaina3es Rotational jet spinning machine (RJS)

LUIANVDIIUIY

A8 Rotational jet spinning machine (RJS) M Walu1n121nATosduaeluy
ansandnidulelulasunlunediwesly lngdiudseneusing 9 gnusulse loun vewnes
LAYAIUALAIINLGT drumUANTULTeSHazRIUANMNNT diuussinnedwes duiniiy

wule waslassaiavenaiod RIS uaguanntl Anaudivesnediuesddimadonisnanidu

Tolulasunlunediuasdnaie

YBULUAKAZVBINNAVDIUINY

YoUAYNA T U WU

- T¥nszurunis Rotational jet spinning (RIS) 1unszuaunistunistuduleneduan
Anwadn loeldla3oe RIS MUSUYTwasimuIuueslasdaunuuanainasesly
anglva lngiudsuulasAivesranusiseuazaumall

a I3 i VP o [ a v dydl a a a a v 1
- NRAWESNANYAMSUMIATs AN ALANAALDTA 3 YA bALA
O NRAWANAALBTN LNFA 30520 Wanlaeusen Nature work USA
O NWRAWANAALBTA tNFH L130 Nanlnegusey Total Corbion Thailand
O NOALANAALITAFILATIZI dILASILNLAY SA.0DATI TUNIN UNRIINB1TY

Ug1IAU

Uszlevunaininazlasu
- @unsaNanAIad RIS Ranunsandstdulelulasunluwedwaste wiednluldanulu

geavnssudulenefiues

LY

- wefnwiauaudidAyvemediwesdenisnandulelulasurlunediues
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lnefiwes nasuwmadluasenatniluniugataans augavienedwesvasumainlvg

§ =

sananiluldaznatedunefmesiindlianvaziludy wazudinluvowdluiian
satulunszurunsnanduleonedwesieiaios Rotational jet spinning afevguiinisniu
aosdiufie nisluaveansdwesnasumrainiugalaais waznsiialudulevemediues
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wodwes lidnazilu mnunin auiflaladarafnveanediwesasuial Umdnluana

LaznsnIzaefvesdmtniaEana Inandadesing o marildudanusueniemuaiusaty
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LYY

y v P & A a a y v a s 1 % «
nstutdule dnisdadunisifindszansaanlunistuidulonediuesang q areiaieg
Rotational jet spinning 31UaduuTadakUsA18 9 Aosunusetssiiivdla dmsunisduidu

TomuruIALaLAAINANAIUAFBINIS

nounsinaluvieataais
dwunstudulelussuunedueivasumas nsnaziaduidulefiauysallavu
wodasrasualsndunazdaslvanurieataaisneluiitiy neunazesnainsiduse
< 2 o & o .:4' v o ¢ a | \ A
muswasudsiiludulaluiign dslunislvavemediuesnaaumainluaniuvieaUaan

3 dunzsesAnumgAnssunisiravemediueswasumainigluveaUaaiidl

'
1 =

nsluavesmedie maoumanlurierUaasaziiniuldAnediofinudunsesiniu
UaneviemuilsveswienUaans %@%ﬁﬂﬁé’mwmﬂuamaamgm%aﬁﬁw‘ﬁy’uﬂuﬁmmu
Tnemsafunnuduiinssvvieznlions nedsaunfgruimedie ivasumaniilvasgmelu
vioaUaan3 Wuweslvafitaumiinuuy Newtonian sfatunuduiugvessnsinisivauas

% = a U % 6
AINUAUIIHUAMNIUNUINUNENUNTT 1 [17]

Auns 1 Q = kAP



[

el Q Ao 951N IalaUsuInsveINeRlesaaUial (m3/s)

AP s anusuneluvianilaais (Pa)

k Ao r'/sul  Weuwnumasluaunis 1 azlaaums 2
AN 2 Q = nrap
8uL
Toedi Ao SAflvasviaaUaans (m)
L fin AuEIvRiBAIUaans (m)
u Ao Coefficient of viscosity (Pa-s)

AP A9 ANUAUIARTURINLIT LIS (Pa)

v A

[ Avoy ' ) v . ) o 1 a sl o = P
ANANNTT 2 LWUNFINAUANLUU Poiseuille’s law @vsunaatuasnuunanw iUy

Y

voslnanianunilauuu Newtonian anuasufgiuiiangll 3sinlinuniavesnedwes

1%

[ a Ly U O [d o J =
NaULNANUUBDATENU Shear rate muummmLU‘u”LU“L@mmmwmmmmmmmmlﬂmﬂ

Y v
Y] [

ANuduYeINTI Q wag P yislinsinavemeiiuaivasuwiandiedngliauufigiuniifad

4

- anusiedadugud (v, = 0)

- vaslvainnuuilaliduediunm

ISg IS [ a a
- fanwazasawmileudunaensadaans
- mslvaduuuu isothermal

- aadlvaldanunsonnonla

' ' i ¥
A ) a a =

Welvgnianuduiinduntgluventaanslussrinanisludule laeisuain
| A oa X dl' a = o v v & 2 A a
AULITAATUIINAITAR UL VUMY Falanuduiusidy a = w?R  uazusailiin
ausarmunlaanngnsiedeunueiafiu 4e 2 191 F = ma Wownunduisivednis
Y o a o 1%
nyulungUen 2 vestiuazle

F = mw?R

laed F fio u3991nngUedn 2 vesilanu (N)

m A wavesiiily (ko)
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w Ao ANUTATIYY (rad/s)
R Ao Sesivasiaty (m)

L9NILNIANUAUTDINITUY WA TOUNUAILUT F Ialagldaanuduius F=PA lnefl

A AauintinfnvasvieaUaasazle
APA = mw?R

Tned AP 7o anuaungluvien1taans (Pa)
A Ao NuiivhdavieaUaans (m?)
m Aa wavesialu (ke)
w Ao ANUTNTIU(rad/s)
R fie Seiflvesialu (m)
Jaguaunislniveld

_ pVw?R

AP
A

1ng9l m = pV &1 V AeUsiing way Usnansangluviertaansmlaain V = Al agla
aunis 3 AP = plw?R

FapNusunAnTUaINIsaAuIulanaNAT 3

Tagil p Ao ANUNUIKLUTBINEAIBSARNWIAIRNNT 200 C (ke/m?)
L fio Anuvveswedleasumavazagneluy (m)
w Ao anuSuday (rad/s)
R e ailvesviaiu (m)

d’lv 2 U dl U 1
YBNANTONIINTIaRaTANUSY Teanunsadnulesludinismian Shear rate way
Shear stress a1ua1aUlAM218F999 Shear rate ag Shear stress LHufLUINUITD

AMUEIN150TUNTEUIUNSHANTBINDRLNDS lnaTiAnudunusves 9ns1n1siva Q) A
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Shear rate (y) Me0danazAuA (P) AU Shear stress () Ne W dufsaunis 4 way

AUNNS 5 AUAIRU

. 4Q

aunis 4 V=—
RAP

aun1s 5 Ty = —

2L

NBNIIN5 A Q) AU15091ANUS VRO AL UADIMAIBBNA NYIBA T UaanS

lanugauns 6
Q = AU,y
qUN15 6 Upy = %
Togd A Ao fuiivthinvesvioandaans (m)
Us, AB ARSIV MeAMesraatangluviaa1Uaans (m/s)

2 Ao P v & < a ¢ & A | a =
ANuEIRAINlaInauns 6 Sadumnusivewmeduasiinivuatevientaans
susteanansdu damsulilalunisewadluivedaludamsunisiiaduduloneduania

DR

ngufjmaiaduiduledaeiased Rotational jet spinning

nsiaduduleneduesmeoinses RIS duondunguijzes Elongation flow Fa1du
Mo N1 areIneditasraoumad Yassueani1N iy Msiinedwesvasuwmailag
20NINIUAEANAUYBWRATUANIMEAINAY NORLIBINABNIMAIIENaRRDNTITU AT

& o I a s @ Ao & = v oo oo =& o
sonlunundunsulunediwesianidinsaniuziluvetiva luvagReanuidudedmyu
1 v v a ¢ 2 & g wa [ % o a & o

agnaeanal iaudunedweiidniulvgaeieenduduloeny uavanvhenefiwesianing
sonanimtusenlumunwidadiiuiniu Suldsuanusduvesuduazneyuiuaiuinnu
Fule ansineneaniludulevsinedwesidnaunsaesuieldmiengud] Elongation

flow

Elongation flow
Jungquifiaunsaeduienisinenveanedimesiin ndawiniiesnuiainimidusie

& P a -] I v d' a X ] a a
AIMULIIVIDBN (Uex) LN@W@@LQJ@?LQWWQ@@ﬂNWLLaQ Shear stress V]LF’]EJLﬂG‘I?JUIUW@@TUaa'ﬁ
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dulednemnudiamis vilvmedwesiingnineanlumennuiiauvuinremedwesiin
anasaniy Inefiauisaduinsnsnsineanvesneaiuesidnlasie Elongation rate

[
&

waziuUsfid fayuenain Elongation rate (¢) Hufie Elongation viscosity (1)

Elongation rate (€)

1%
(Y = a s

A9 9RIINNSAIEANDABLANTINATUV UL NORWBTANEBNUNIANITITULAL AU

laeeaunis 7 [17]

aunns 7 §= —e

lngfl - € A elongation rate (1/s)
= =
t Ao LA tunIshedn (s)
& < a & @ |
U A8 AIULS2DIN0RLL SN I ULAaZLIAN (M/s)

< = a 1 & < v a ] =t
ANUSINSFanedAmes (W lumiusivedunedimesian a vauglavueils lng
o < v . . 1 £ a Y
ansadwIumaugalalasldaunis Continuity ngegnigldauufigiuingnsinisiva

ﬁuaq‘waﬁL;J@'%LvhﬁumamsumzﬁwaaL;J@%L%M"Laieum FIUUINYDINOALBSLINENAIRINVUIAYIE

o
U =

Adaansinuiliosnnusshsewindy duiudsiisudnsinisivaaesgnme gannediuesisy
YR a a § < ! [ ¥/ [ v v 6
sonunanluiazaannediuesianneudsudaiiludulglasulumuanuduiusay

AUn1s 8
Qex = Qf
dun1s 8 AexUex = Afuy

87 A bag U, A8 NunvtndaveswienUaans (m?) wazauisiu1eenveanes

3 o o
BTN (M/s) MIUaInNy

A A A v oo Y 2 2 o v o w
A ke ue Ain Nuiithdaveasdule (m?) wazanudinishaduly (m/s) muasu
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JUT 7 SraemedwesiinfioenunainvienUaansuargnasaudneradudules

Ly o

YoNANRFIausaauIumvuIdulaLazsnsdufdalagldanusive med
¢ ) 2 v ] a o ¢ a ¢ I
woasinvieaniuauSwentuls lnasseznmtuaiuisanwedwasiineantutduniu
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a a s & =X VY a & ' A a !
Jv8y X LLazm’mleWE]aLllaiLf\ﬁ/]a’lmigﬂmi@f\]idﬂaiwz Y LL@')’]@;I@JV]Lﬂ@GU‘Ui‘”W’J’N X

o

waz Y 1anunn 9 Wesanandisavesiiiuduainismedmesidnvieeniiaiuananeiuinn

JuannsaUsEInalldn X = ¥ dsiiuanansavnsses X 18laeldaunisaanunga
X = ust
Tefl  u e audvewhiulunuduseuls (m/s)
t fo 1ian () wasvewediwesSnudedudule
FuSunanaunsanain ANUSIvIeenUINeaLLa s Nt uLLASAY AwiaaIn
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uex
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g s Ae sravvianiduidadunedwesvasuivan
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JU7 8 $raesiienanusiunduseuivesindunasiiranusiuusaivomedwesian

(Ugy)

9N3UT 8 anansormwnuuaEulelilnauuAIAIIED U ke U, luaun1sn 8
wardngUlmiaglaidu

Aexuex = Auf

Aex yA us
A Uex
ey Uf
T2 Upy
=\, — Uex 9)
Tex uf
1ne9 r., A9 SAlvpvianiUaals (m)

= v a v
r Ao Sedvanduly (m)

Uo, AD AIILSIVRINEAasrasuwaIngluvien Uaans (m/s)

P < = 1
ur Ao ALSINSAaEuly (m/s)

upogelsAnulunsalvemedmesnasumailianuisofninianunilnn1saEIuIn

9A89ATI904 Elongation viscosity L@ue @ Elongation viscosity A9 WSIATUNIUAIIASEAT

AnTuvaznedwesiingnisiieiilu lne Elongation viscosity v 3 1M1983 Shear

viscosity (i) fasuaunisa 10 [17]
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A=3u (10)
Toefi A de elongation viscosity (Pa-s)
U A shear viscosity (Pa-s)

NQAN33UVBY Elongation viscosity 1asuUasmunaINintupslnenilife We
Avbnuadlnartinnils q 13ie Elongation rate Amilanausingi1mA Elongation viscosity i
ANNNTUANTTEZRaINkanslugun 9 amadumsizitvedvaludiuiignidatuiin

Hardening Aetiuilafossnwons1nsasdalivnangnduinwslinau

107

T T TTT7T
L1111

T
L]
1

10°

T T TTTTT]

n, [Pa-s]

10°

1ol

T
1

104 Lo1s il gl Lol RN

10°! 10° 10! 10 10°
t[s]

a

JUN 9 MsLiinaUuved Elongation viscosity #usg8sIa1wes PS Nigaumqil 170 °C o7g

Y Y

Elongation rate Asil 0.01(A);0.03 (9); 0.1@), 0.3(7); 1.00). [18]
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una 3
Asn1sAniuIuIY
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[

LU NLASTUADBUNITIVY

[y v a

MiAdeitgnUsrasifte Waunnssuumssdavialndlneanunsathunldouldage
Tneifunsiaanieiesiofiinsldnuaidutiagdu nelunuidediauieiosduaney
Ty ileannsandnduloneduaninuedalaglinismumi sanedmesvasuivarlieanun
Judulonediwes wintnafestuaslmuvudaduduliansadulidudilonedues 39
Fufudesluusuniosthuaslum nsufuusludmvewemeslasansonyusegauiga
soufiganniunarannsamunuld Uiuusessuumuaumniou Uiuuilasaddlifian

wdausanumunnndu Tneldiein Rotational jet spinning (RJS)

asadifldanunisnaass

- weAuanAALERA tN3A 3052D NARLABUSEN Nature work, USA AmnunulLUy 1.24
g/cm’, melt temperature 145-160 °C melt flow index (210 °C, 2.16 kg) 14
g/10min

- wedlanfAawedntnse L130 ndnlneuIEn Total Corbion Thailand ANNRUILLY
1.24 g/cm?, melt temperature 175 °C, melt flow index (210 °C, 2.16 kg) 16
g/10min

- NedLanAALTAF AT FuAT1ERlaY A.EASY TUNIN UNNIINERYNNIEITAN

melt temperature 167 °C, melt flow index (190 °C, 2.16 kg) laianunsadnanle

a A dg vo [ a 4
isesdianlddusunisiazinazn1snagau
- sesfAnwrautAnisivanazandinisnatdelauiiing Modular Compact

Rheometer 1 MCR-302 U3¥% Anton Paar Usginelyasdy

LA3BIANYIFUFIUINGT Scanning electron microscope (SEM)

wW3a9InRuTnsla Melt flow index

LA399IAAIUSITOULUUBUN LA (Laser Photo Tachometer)
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m’sﬂ%’uﬂqam‘%aa Rotational jet spinning (RJS) T#giAanuanes

Usuugsdutsenoudng 1 Wiussavininnmsvhauliituiieduduleweduania
wedn Wilanuadesnande fensdutiesfanuididululd aunsondmdloneduania
wadald waganmsaviigatsadsld uenainimuaugumniivazaruniasouliad Tae

UFulsadulsznausiig «q fall

1. UOWBsHATUIEAIUAY

2. Bawes [Wuwesuazmieuny

3. Slipring

a. Wlusazidn wiouduiurienaaFuuiaty
5. szuuiudule Collector

6. IASIAS1VDNATDI RIS

nsnagaududule
Tunmsvnaeududuleneduanfruazininedosiiuniseuldnutuiigamgl 60

°C Wuszpznantudy ntiluniseseududile T4Usmansdu 10 ndu Tneuvadu

msfinudadevesnnuiaseu wazaamgll lngldweduanfiruedn 3 wlla léun 3052D,

L130 wag Synthesis PLA

a

Ausseu : Iennndrseulunisnaasy 650 1700 uaz 2800 rpm lneligaungd

Al 190 °C
gamndl : Weamgflumsnaaeu 190 210 uaz 230 °C lnglinnusiseunsiiil 650

mm

dnsumstuidulomenedianfnueBanausyning 30520 wag Synthesis PLA Tu
dndau 80/20 way 50/50 lddwmsunis@nwnisAuiaiiulsans 9 Adedulunszuiunis
Judulesmensos RIS Taglddameunnndsinn 5 nsu wazsudunaidwaisulddn

AUATENIVUIUVUA LNDNDRTINISHARN
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ATUINING B

I3 o o a o v y v a a a [
LUUNITANTUIUAILUTNILN EJ’JGU@QIUﬂqi{]uLaHIEJWE]a LLANFIALLDYR 19] 5

1. 9as1N1stany Poiseuille’s law WgufiunN1ISNAADUISS INNAUNIS

TrtAP
Q =—— auns2
8uL
neh  r Ao Selveavian1Uaans (m)
L Ao AUYIvBIviaAlaans (m)
u v Coefficient of viscosity (Pa-s)

AP A9 AINUAUTNATUIINLT IS (Pa)

AP = plw?R auns3

Taoil p =fi9 AuvIRiLYBIERLLD TRl 200 C (k¢/m?)
| fio Anuvuveswediueinasuwmalvizegneluidy (m)
@ | =Re AT (rad/s)
R Ao Smiaaiatiu (m)

TuaunismanufuRisLUsAEuILLY F9levinnnsveassiulee Ton1s
Jagutinisivanmiernsas Melt flow index [HBNANAIAMUAUILLY AL
auns P = m/v FMFWAISATLAYAINLIIVBINTEUBNGU kazdnining

29N11NLATDY melt flow index

Q
A
3. anusnsaadule (u) Tunsalnduveslvanianunilauy Newtonian Wiguiud

=] ' a =
2. AUE1900 (Ug) Nluvion Uaans MNAUNIT Ugy, =

I~ a & a

WUNDALUDIVI
4. yuinvasduleiguiuruInileaINNTINYUIATEAANNNNSNAADIRTY
5. Dimensionless number: Re number

6. Shear rate suaqm%q RJS
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N1SNAFBUUSTANTNINNIT119IUVDATBY RIS

nmsnagaulszansnnuiadumsvimeaaeuanuiisevuarssuulvianusou

<@ [ < ay M va S w o
ANINAFADUAIIULINITOU ¢ LLUQLUumswmaaummm3a°u°lwumzwimlmmmmﬁmmz

(%
a v W

luvagnaadairdu lngsunaaoudsuwssulnimnganiilusuryulagldinieein

< a [ = a v A 1 = A o
ANUEITaULUUBUraldusEYEIan 5 Uil Laztiuussauiiag 5 V luauninezdelnidnng

Y99A389 RJS

nsnaasuszuulimudau  Wunsneasun1sinauesdnmes Wuweshazuae

AuAulagingamalin 190 °C iyussausiduifiviumuladussezioa 5 wil

NSHEANLEINABLNIIA (Compound)
naLLdianeduanfnkadnnga 30520 Way Synthesis PLA Tudngiu 80/20%wt uay
50/50%wt agld Internal mixer Inggaumafi 190 °C Aauisang 60 rpm Wuszeziian 10

=

UM

Dynamic Mechanical Analysis (DMA)
Tunisveaaumemaia DMA [un1sitastaniunisainumialuidu Tnedunis

fanuanuviasaasusulddianeduanfawedn aunsenaduduloaunun

Anwmunilnvesnedianialedn lagltinos Modular compact rheometer lng

a

4Tsun temperature sweep uaznadeUlugasmumail 170 - 200.°C fednsuiingumai
1.5 °C/min lngddimsduveinedianfinuedn wikd 3052D, 1130, Synthesis PLA uagned
WBSHANTENIN WoRUaNAALNTA 3052D Wag Synthesis PLA Tudndau 80/20 way 50/50 11

YAFADUMFNURAINAT?

Anwinrnunidaltsdouvesnoduanfinueda Tasldiaias Modular compact
rheometer lngldlnun time sweep lnavndou a e 190 waz 200 °C Wuszuziian
30 w1l Inglgwediuesnanseninaneananfnlnsm 30520 wag Synthesis PLA Tudndiu

80/20 wag 50/50 U NAARUNRIENURAAINEND
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Gel Permeation Chromatography (GPC)
Anvhuiinluanavesmednanfanedaneukavvdidudulelagniseseuansazany
woakanfaLedn ndwanenistudulunisinias RIS eg1slslaeld fegrslunisvageu

TowA

1. WoAkaNAALBTALNTA 3052D

2. NOALANAAWITALNTA Synthesis PLA

3. wodAuanAALBTANEN 3052D wag Synthesis PLA Tudndau 80/20 %wt

4. @uleweduanfAnledanau 3052D wag Synthesis PLA Tudndau 80/20 %wt
wdanduliduddledenios RIS 2 und

5. w@ulenweduanfinledanau 3052D Lag Synthesis PLA Tudndau 80/20 %wt

nasandulidudulemewesas RIS 10 uai

Scanning Electron Microscopy (SEM) wasn1sinvunniadule
aeniduleneduanfanedadlaainmstudulomsiaios RIS luanizae 9 wie
inlUmauadulelagldlusunsy Image J Tunisinsuinvesdule Tnalunisinvuindule

YMHNUTUNDUNIY

1. Import 3UnmaInnIsnagey SEM ihglusingi Image J
ARITNVUIN 1 9159987 91U 36 To3
N3 calibrate scale AU scale Tunmn SEM

v a ¥ =

Tavuradulelaanisanniduarnvevveddulemunilalddidnaunis 910y

R

TUswnsUazAmUIMSTasNinnIsTa daduruinvendulonsaziduiyinnisia

[y

5. dannidu luaz 2 90 JUATU 36 Y8 warianmun 3 JU Tuniladieens

6. wenadevendulyandeyaniale wagdn SD Andregnviingin
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undl 4
NANISNAABILAZIATUNANITNAADY
AdeliIhmMsUTuUswasimundulseneusis o veansastuagluailiamisn
wisduloneduanfnuednldlaglddedn Rotational jet spinning (RJS) Lﬁ'aﬂ%’uﬂqam‘%aq
Huanglmliiuszansammsyeudisanniuuga Sdldneaeuiuneduaninuedaiiowion
Y] wa al I3

I v a s (Y & LY o J a v
LﬂULﬁUISW@aLiJEJiLLUU‘liJﬂﬂVIE] UBNINNU QM’]%QQEJLL@%QQJ?I@JUGW]Q']L‘UUG]’E)ﬂ’]iWﬁEJiJLﬁUGLEJ

NOAkANFA

wisaduanlnuduiiugiuresnses Rotational jet spinning Feuandlilugud 10
TngviliduysznoulazNISMINIUAI 9 duadieadaiuisssitasestuaslnuldaiuise

o
a a 0%

Sauazauauaaindl Snvisdianuiiseufivuazdliannsomuauaiuiiiseuls wonni
Seldanunsaduduleneduanfnuedaldfwitliasostuanelnulimungaudmiunistudu
Tawoduanfnuedn Ry 13es RIS Fosldutsenausne 4 Inilussansamilunnninees
Juanelva Fedruusznausng q AlaRmunlaiiuszansamanniulaedarsulunisuile

fasaluil

gth’?i 10 wdssduaglnuiidupiosunuuveaios Rotational jet spinning (RJS)

TunuiteneumiiluseduuSanes lavimaideluiideses msanwanuduly

o

al

Igaasnswseuduloneduanfinuedainieulaaniosdndauuutunyu lnedunsusulss
= y b a v a a a =& Y ) I3
wissuaelvulaunsondadulonefuanfauedn Felinsusulsdludiuves uawmesuas

WheAUAY WuwesnsIvingamall wazdiuvedlanaisvenaios Winuguninstuduly
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woduanfAuwadn Fsludruvesmawaslalduamesuyiia Induction motor NAIUANAILLATEY

< = o I3 % | < v s v
AIUANAIINLEITOU Bavianansaseulagean 1800 rpm Tudiuvesduigesialdiduiyesin
gaunIdLuuBunLsn NAuANaelUsunsy Arduino lun1saiuaugumngil drlalagn
Usuugelutianumunannudu 10 mm. Wesandnistaldweideldanuduszeznaiuiu

wazlassainevesaTeslinuueagun 11

SUN 11 19309 RIS nesdunvinusulswnaniasesluanglmy

naanlausulsumsenseusaeuay levimstduduleneduaniaueda 1nsa 30520

uanIldannsadusenuadudulela Selaldneduanfinledainsea Synthesis PLA 91l

wminlanawazanuvilasuvegeutduiny Fwmausingamnsadududulelidazun

Y

12

5UN 12 W@ulgnweduanfauedainsa Synthesis PLA AdumsLa3os RIS 1osiuiniliniy

Y

an1g 1800 rpm gaunqdl 250 °C
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#8991NN5USUUTNATRY RIS nasduusn vilinsundslianunsaduduleneduan
Aruadn tlpwnanAnusseudwiuliiagssuunisaivaudlifneiiazanunsanivay
gaungillinsiila Feldusavgunses RIS anunsaluduleneduaniinuednlalagsusueie

v I < & @ o
N1sUIUUTINBLRaIULaEIFULD I UUAIN UL

NﬂLﬂE)%LLaSWIJ’JEJﬂ’JUQNﬂT]SJL%’JiEJ‘U

[y

audseudunidutiidofiddydenistudulonesduaninueda Jssuduiiezdes
Usuussliiiuszansamidduddunsn lnowdsunilduemesuvuginesusaueinesi
annsaviaanaseuldiiundt 10,000 rpm wagUuusdmauelagasuainaindusu
wseulniindu Voltage resulator fiUSuussduliiduieafunsivssansnmnisvinaud

Ani1 gliesuvaneimasiay Voltage regulator wansliluzun 13

U7 13 gfiesugaaines (Fe) uaz Voltage regulator (131) dmsuAiuANAIINSITOU

\Wuwesingangiiuasnilgnluanaunad

q

¥

neunthin@uwesiluvindunisadedinisingaungilalis fauaainndouad

Falaaeuduges \uvlia RTD pt100 Fednaalilsvidu degui 14 gnasduns Ineiiviiu

o a

o aa s 1 v 4w a = Y d'
Hadigamesngnilegluiidudgun 14 gnesdvnd wazAruAumIBAToIAIUANYINAT

U

(Temperature controller) %fia PID §%a TAIE U FY400 g‘dﬁ 14 f1uY %QizUUﬁ’JU@N

v
IS Fe 1

gamgiindeadviddanuuiuguasaiesuinninszuudunise Wefndudugesvlialmiil

Palavdu vilrsdudeaddsussuu slip ring lusl islisessunensviniauveaniag RIS
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JUT 14 dumisfiasaveaduees Pt 100 @nesduns) Snnes (@nesdund) waziAsesriuny

gaunnil (Temperature controller) wiia PID (331)

Y

Slip ring
. . I 1 a & (% a A 1 1 Y Aa 5 < I3
Sllp rnng LUu’d’Ju‘Uﬁ%ﬂa‘UWLWNE]‘Nﬂ‘U’ﬁ%WTNIW‘VIL‘U@N@Bﬁ%ﬁ?ﬁﬂﬂ?{juﬂmﬂﬁﬂLGU‘L!LGUEJS

wagdnnasiussuuniuanaumglivennses RIS ddnvuzilursmuihunainvewnsdou

(% (%
LYY o o

fuvtanie 4 Gulaeusazduasitlniuwenesenaindu leg Slip ring gnivewsiewdiiugnmes
[ 4 a’l’v a 1 I3 a o v YY) . . A 1
uazlulges usnvndfdulsimumivsunannsadlnilaazduiu Slip ring uazitiouse
WUAAIUANLNET ULMAINASINAINAB RN TuA1syinauvesiduuay Slip ring agmyu
wioufulaguussauasueuazed s Geinliaunsadgluindriuidunddamesuay

Wuwesed Weluniieauansamngiliiuinias RIS Iaefl Slip ring wanslilugua 15

= A a = U [
ANATALAIADNIBDILAY LLaSQﬂﬂﬁﬁ‘U’l’]ﬂ@LL‘UNE]'TUF’]TTU@L!

U7 15 Slip ring (gnAsduag) uazudssdumsusu (@nesdund)
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nNsUFUUTBiBaLAsTUUAIS AT STUUAIUANAUSauiisane ez duduly

a ¥ 1

woduanfauedn uduwanindufadaymaude nsinuduledslavieniiessn Wuleassils

a

wisgRluiinnfensl N tudsgun 16 Turnauduns Jslmhinesnluuaziuanes ity

[y

wag Slip ring InUsenaumeniu luaies RIS nestuiiaassisgun 17

(%
Y C%

sUN 16 Tuiindnssegivilunsugninesnlu (anaudues) sudre uaznasaindiluin

Y

pankl AUTN

SUN 17 1A509 RIS Nastunans (41e) wagiadu Slip ring wazuowmes Nusznouldimiuiu

Y

(F18)

Wousuusaaies RIS aulaestunasunini Jdladuduleneduanfinuadninga

3052D 7ia@n13e 1800 rpm gaumgil 190 °C Usngnanunsadudulenaduanfnuadale we

'
[

Aodldsreziianunnndt 30 UM Aegun 18



27

sU#l 18 iéulweduandnuedeinse 30520 fian1i 1800 rpm gaumgil 190 °C

nnstuduloneduandatednninarn nudaminietuasidulodilufndislu
Aezes RIS Tnalufnaguiiane Slip ring auilgmennistuidnisas Felausuugslam

Aanan tnefndaurwisnulinderinserineidulay Collector fagui 19

'
a 1 1

JUN 19 YevinssgnieiidunasiUa 2nauduasningie) waginaaunuiaumuiiiedn

YBIINIAINAT 2NANFVNINVI)

SndymAiintufeeinsaureuasos RIS Fadueinsdufitasos RIS Ladaudiasn
ngadn ilndulgymsenisneaeuiudule ieswnliaunsedudulesemnusiseu

a1 9 1 FsldundeymdanansenisiuaeurUalnd lnvanduiilidnduesnuwazaneiu
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A 10 mm. U 5 mm. wazdndiuivvesiitusenlumedizui 20 wazgun 21

AUAIAU

U 21 Fhduneudndruiuneglailu @) tazniianndndiuiueenwagsenouiinfiu

dUawuulvd (@)

Sovy o | ) = va o 9 & oA U @ i
uaﬂﬁ]’]ﬂuaﬂﬁ]ﬂi‘UUEQeLua'JusUa\j9’]'3Lﬂi@\ﬂﬁﬂquUﬂﬂJqﬂmULW@a@aqﬂqiau@ﬂﬂa’]'}

Tnesasesnusuuslmldunsgun 22



29

JUN 22 laseas1aveunses RIS MUSuUselni Wagdesdnasening Collector uagiituianas

waNINUAUTUUFITLUUATUANNITVINNUYBUATES RIS NIVUALNILAY BAIIY
Uaenduuazireran1ldeu lagn1siiiugaiunuilenIuaAun1suUedaAIes RIS G
UsenaulumenaileUniesas RIS Watan1sviauvedmnes dWalan1sinnuveseines

wazduanidu lnswanalilugun 23

JUN 23 gruaNnsyinnuesases RIS Aewen(@e) aelu@)

lunrstwdulonouniil weduandawednazlrasanuiainsesdesenitainduuay
iUn Fuduleazoanuiainitunuugu vilvinisaiuaudnsinisndanasywiaduleinle

g1n WemuauiInsgIunsluduly Jadddnsesauin 600 um Linmdudagun 24 @e)
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waziiiniwUadsznudduiduasiinduieaUaaniauinién (gneasdunn) ey
Ypasbinedues vasuwad lranuiieaanantulunszuiunstudule Inefnedwan

Aawedinvasuialvzlnaniuviendaans Wulumunguiiiinanliluuni 2

'@ = 600 um

SUN 24 s999U1M 600 pm UuItY (gnAsdvn)@ie) wazamdnvansinvaznigly

Y

vosnluuaziiamenisinfeunvemedinesvasiainiglumdu (@nasduns)(@i)

mnmsUsupsedsinuindulodeanunsaddesineening Collector wagiatuld
wiflU3unaiitosasuinndiifiy 4are1nsauTeLATed RIS ARAIEENIHIN UATAINANS
Uuusaates RIS lunfatinudy wades RIS amnsanuusaeniwiiagean 2800 rpm way
anunsormuagamgRlaas 300 oc Adldnnaputudleneduaniauedn aniuiiefnuna
109AUSITRURAT I Tinasevuniduleaglste Tngnas@nyladevesninusy
sou Ineldaanusaleaun 650, 1700 wag 2800 rpm Imai%’qmwgﬁmﬁ 190 °C kagn15An®I
Hadevesguunil Waumaiilsinn 190, 210 wag 230-°C Tagldmnusiseunsii 650 rpm lae

loweduansa 3 ¥iia oA 30520, L130 Way Synthesis PLA

Tunrsneaeunisturduleonsdwanfnkadansaiunsanuinaiuisadudulela
auyselvianun enviuinga Synthesis PLA figauigdl 230 °C A235950U 650 rpm ikl
arusadududulels waildnwausiduneaunu Fednwuzdulenduls tdnvusidunru
Jnauiiznsinanadelatdn neduanfnuenvasumvalazivasenunaniiduiiuvienda

a & « a s & a s & X a 2 o & < ) o o ~
8150y “nadwesian” wedwesinlazsuwdaiiluveudawasrioanainiidunasiinse

Aannitduibiaadudule duleiisesnunzinieieiuesauduunuundslugun 25
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U7 25 w@ile PLA wuuliidnneiilaannisesey

a

nsAneladevesamungll

Y

wan1snadeutuiddlelrefounatgnmnilaendaanusiseunsil 650 rpm Aun
dulvanailogauiiliiudumsnzeamginiiaduasinvianumiavemediuesvasuivan
anas Wudetunsmlesaundalugus 26 egrlsinnudiaunidatosiiuluagyinlily

£ ooy Y A & &2 = v A
asedududulelivaziindudntn wazvuimdulamasaas PLA 30520, L130 uag
synthesis PLA uangl3lumisneil 1 83015190 3 wazBegaungiininduminlsng diladaiiia

wndusiiulaennesdulenediansauede uwanslilusun 27

4000

3500

[ ]
3000 | e PLA 3052D
2500 . * PLA L130
2000 .

1500 .

Complex viscosity (Pa-s)

1000 °

....
500 oo.o..........
0 f

165 170 175 180 185 190 195 200

Temperature (°C)

JUT 26 Anumilnvesneduanfauedainsa 30520 uay L130 Ngunaiing 9
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d, 190 °C

N D82 x50

b, 210 °C

f, 230 °C

U7 27 vuaveaduly Polylactic acid Inefildsunyatgnmgilaefinnuiiaseundil 650

U

rom (a-c) PLA 30520, (d-e) PLA L130, (¢-h) Synthesis PLA

v <
n15ANE1U28v9AINL5I5U

a

navasn1smadeududulelagdsuudasannuiisseulaefiaamgiiaei 190 °C

¥ d' < a dy [l < A a 49( o Ya o A a
YUIALEULEAN AL DANULSITRUNNTL N1 T1ANULSITO UM ANT UYL AT AN UA UL
= a a = | DXy a = v a o o A
1MNTUMINENNIST 3 Tuund 2 FeazdenalronsinisuaiiuunTun 10 lUAednawsInan
WARTUEHuNTUULRetU Wawseradulouinfasyinlmdulonwednanfauadaiuuinidnas

I3 d' a d’{ 1 1 I3 1 o Y a @ 5 1
AINAIUIITOUTLANTU  WENT1AUEITOUNINAIT 2800 rpm I bMAALIATATUTEWINY
A ~ A a ° v a ¢ < ' a & P Yo a &
AszUIUNSeInwsaRsnunauiulUyi linedwesiinluanusaialuduleladaiagia

o X Y

TaTu vurndulenoduanfnnadanandbdlum15199 1 1915199 3 wardnwazvaaauley

nanalflugui 28
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g, 650 rpm

d, 650 rpm

e, 1700 rpm

b, 1700 rpm h, 1700 rpm

¢, 2800 rpm f, 2800 rpm

a

35U 28 vunvesduly Polylactic acid Inefiilasukiasriuiiiseulnengumngiad 9

Y

190 °C (a-c) PLA 3052D, (d-e) PLAL130, (g-i) Synthesis PLA

M5197 1 vuedulendsved PLA 3052D

Rotational Average fiber diameter (um)
speed (rpm) 190 °C 210 °C 230 °C
650 2230+ 545 1473 +394 1328 + 3.75
1,700 14.60 655 1230 £ 7.06  6.46 + 3.11

2,800 7.50 + 2.60 7139 +286  7.20 +3.37
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M9197 2 vuedulendsves PLA L130

Rotational Average fiber diameter (um)
speed (rpm) 190 °C 210 °C 230 °C
650 18.60 + 536  11.80 + 355 11.20 +4.75
1,700 15.46 + 451 1337 577 1142 +4.76
2,800 1416 +542 9.65+4.14 550+ 2.73

A1519% 3 ualdulelnaeed Synthesis PLA

Rotational Average fiber diameter (um)
speed (rpm) 190 °C 210°C 230 °C
650 2091 +7.48 1590 +7.55  N/A
1,700 14.92 + 620 7.74 +3.98 N/A
2,800 953+ 591 8.87+4.30 N/A

a =
NNILNAUN

\dlonaduaninuedaviasumadinaiuveaUaaiiesnungnieuen asgnisenitned

4
< =2

- a s D o o ] a oy < =
Wesan Fanedwesianiazgnaslidudurnainnitvienaaisnieaiunsd luvaeign
v TananedweasianazdniSesdinuiuinseis auinnueuindunazudeiod wdule
< P oy a a o da T o o A o I o § v
wisluiian uanddmeduaninuedandumidnluanan viedlluanavuindanagyinlanis
a YY) K A A ° o | ] = I v
Neiuiuvesanelgiitesvisedl melt strength 1 awivildannsanusiewssisvosiitula
uluiigaiuin dmeduanfnuedadslinaeduveuds nedwesnasumannaiiuazgn
lungulinedwesiinvineaniuazeswesvsinay duduluauideves Tom O’Haire

waAne[19] wazauideues Zander, Nicole E. [20] Mndadnusduluiudulelunian &



35

annsainalndluldlunmstudulesingu o laldinasdu PBS, PET viailunediuesinga

du 9 dwsunimwandulonedwesluouian

wdnufdgniseteinisduveuniosariidy maﬂiﬂﬂg'jflmﬂ’]ié{"mauﬂ%a
E'J’qm:ﬁagjLwhh‘ﬂzymma'ﬂﬁ?uammasmmm s lAndymlndtuie Wilefinnsiiuand
wHudngeain9sEning Collector wazwduvinly Wetudule@ivsunasondannnii 10 nfa
v lfiAndyfnauaviduledosglndtufaziinnsmasudadudufouluiige
yanani Tuudaseuuen Collector fimnudeuarauuniudiotudulodussozaiunu
lmdulefioonunldvasuiniy Suiliseseenuuu Collector milpeflazdosivasszue
audeuiianifntu Tned Collector fioanuuuludldiasuanmaniivliszuisainusou
\Juoza3da Tnsusznoulufeassdan fie giursnauduriugudnaisunn 125 cm. ileld
dugrudadafulaseafrmdnuaziugiudvivdatuieaezaian lnslaeza3anuuin
25 x 450 mm. Fadudruiidlyazandainig Tnolaesasaniusussovinsld 3 seau Tng

Tasvegvinawsiveuvesluauiuaezesan laud 8 13 uag 15 cm Asgun 29

JUT 29 duiniiudulenivianainesasan

Yymseadulathlvludasssiazluinizdu Slip ring auvinliAalndeostaz i
dn29950gnaneAsIAlusUN 30 uenanllarelniounasening Slip ring uavdnines

Wuwes Weiudwdu q veshluswnauazensssiingifmeldluswan



36

a ] a a o . . = a a v a v a
U7 30 sesseeiiiinannisdenves slip ring eswandnaafindilufnaulu (Janauduns)

ndgymidsnanyilideseanuuy Slip ring luilteandguilndenuazaiel
WNeaiulaseasiedu q veuases RIS Isldeanuuule Slip ring redlunuiuewiianin
Pancake slip ring lna@afadanu Bakelite @uduauaulniuazusnainil Bakelite §avin
wihesiuaelnnezluineriuldniuaudu 9 veunsodtaztesiunisaismainusouiin
a < PP Y] A . . <, 3 ) ° vy
USnuTaUIuLLesindnaly Liaasnkuy Slip ring 1WuLUU Pancake slip ring vil#@ag
wWasugluvuwussarunianniudldduwuundny desdeudunuuafnagiuwiu

Y

azasaanduauiulii vua 15 mm. leslvuwdsaau 4 67 33319139 1ua199849 Pancake

U a [

slip ring Wavsznaumdudnduyilliesiyalamesayiuysnulsazaounsidiiu

Y

Pancake slip ring Ingfiudarazvinianuiluihlulsagdiuteneonainiusyninegmnes

waziduees lnsuanelilugun 31
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UM 31 Slip ring n03WA 493 (gnATAWNA) Bakelite (gnasdimaes) uazuuseanu (gnasé

U17)

v
Y v u\lyl

Wiedsenauusiazdudiudwieiulaun sdu trUa Slip ring lauanalilugun 32

wazillodwhlunusenaudiivdnesesnswanlilugun 33

sU# 32 il (Spinneret) wagAUamdsuuuss Top view (§18) Side view (131
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dl CY y tﬁl 1 Y a [ [ 1 I3 (574 1
E‘U‘V] 33 mﬁumamamﬂugunanmauamamﬁzLLUaamumsuauagmuaN

mgn1sneenkuy Slip ring lusvinlndesusudsalassaiisveansas RIS nddnee
.:4' v 4w 1 v v =Yy v =t Y
Wasnaugevewindunu Collector ligenndasiu Jsldeanuuulnilaeilassaiaves

w304 RIS wuulvaliidnuauedssun 34

JU7 34 Tassasavaaasos RIS Ailausuusstulug duni@e) suuu@n)
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Tuszuurnusivsznaulumeyfiiowranawmesuazil Voltage regulator 1Uudu
AuANAIINSIlAeN Voltage regulator Usulwihprufimvuaneufivzidnguewmes lngly

nanageulszansninaruiiaseusialunsvngounInusIveteiiosusanoin asuay
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ANISITOULTIDTULANDINDS UETIRAR A Spinneret
- msvedeuAnIsITeuvadgineiusanawesuvusnliladasaidy

a s [ QI o d' Q’ % g.j/ Io 4:1' o U
giveswranamasisuviuleiianssdulningusy 25v dmsunis
NAFDUINNLIUNAFDUAELTIAULNA1TUAT 25V wazn1snadaunsIan Uiy
wsesulnidias 5V auaunsaianusaseulauinnin 9000 rpm FeAnu5a50U
Wnduilausuwsanulninuntutazwsssulning 60v LﬁuLLﬁaé’uIWﬁwﬁgﬁna%ma
wolmesinAusiseutadslauInni 9000 rpm Inemusiienyinlafe 9476
o 1 o YY) @ I [ d' o U =
rom Togsuvisdmiuinanusiseullufagun 36 lneszerdmunaaauninus,

saUMEAUNLIAAD 20 cm.
- mimaaummL%’Jiawuaqgﬁr;aimammaﬂwmzﬁﬁméfnﬁaﬂu

glinasuganawasisuyaleliusuliig 45 v lnevhanusuadele

1136 rpm LLazﬁwmmL%aLa?{ﬂé’qqqﬂﬁ 3810 rpm Taglduseiulng 60 v iilefia
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Rotational speed {rpm)

9000 |
8000 |
7000 |
6000 |
5000 |
4000 [
3000 |
2000 |
1000 |
0
25v 30v 35v aov 45v s0v 55V 60V

Voltage (V)

UameshArgloTLYALDINEIUMEAARY Spinneret

(%
£

9 IpgUSeuiunnusiseuvesgiiviesuea

AN397 4 wansUszansnmanusiseunanadtuvauznfadasaslilafndaiitiu

wsanulnin | adusasevgiinasuea | Aanulaseveiivaes UszAnsnniianas
vawosualilldfnne | uua wowassnzians | Wisufuanudivas
Watly oty LailgRaneiadu
V) (rpm) (rpm) (%)
\de SD \ady SD
25 2600 75 - - -
30 4547 182 - - -
35 5486 97 - - -
40 6463 132 - - -
45 6791 126 1136 118 83
50 7712 132 2659 56 66
55 8507 192 3322 55 61
60 9476 219 3811 59 60
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nsviauresszuulinuseudseneulumednnes Wuwesulia pt100 waviAIes
AvANaunnll lneflunisnaasunisitnuvesaungiiasnageuluaniieilviaiuseu
wioumyuiidumiiaausaeng 9 aaenisdounssnulnil 45 50 55 uay 60 V auaidiu

TngasAgamiiidmunglin 190 °C lnefuansdnuaenisiivwazanvesnamgililusun 38

o

]

3 150 —45v

g —50V

a 100 55V

E —60V

& 50 —Set point

0 1 2 3 4 5
Time (min)

JUN 38 uansaamgivesiatuauzryuiigaugiseusis 4 menisteunssiulnii 45

50 55 60 V snuszaglIan

nnisnageusruuliauieulaglusmzaiiuiiasevang q aareni1slou

wsanulin 45 50 55 60 v Widugdneugauainasnuil gungivewinduidigeamngl

[
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Wmanendsniuly 1 Ui wivdtgamgiisziuasegluting 185 - 206 °C lngddnwny
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= 1

& ¢ A < a v o v a ] ] &
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Temeldanizidiodduls (anmiFiseu 1800 pm ammadl 190 °C) Fdldasusnegianis
nageulnglinoduanfnnauseninensa 30520 wag Synthesis PLA Tudndiu 80/20 wag

50/50 198A1AINAINUNTLATBIND AT Nanasasvinlilnasananiitula wasann1snaaau
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a

lngn1snaaauniumaiin DMA ann1snaasululvun Temperature scan faufgumgil

Y

=

170 - 200 °C a5 Msiiiganil 1.5 °C/unil lngann1snaaeunuinauvrilnanal

gamaiiiivgstulagrnumiadulunugui 39

250
PLA 3052D/Syn 80/20
PLA 3052D/Syn 50/50
200
m
& 150
2
%]
[=]
g 100
=
50
0
170 180 190 200

Temperature (°C)

U 39 ANUVLAYINERLANAALBTANAN D4 QNI 9

44' = = ' a v = = v Ao v U A
L@J@Vﬁ'}‘Uﬂ\‘]ﬂ'ﬂ’]ll%u@ﬁluLLW@SQWWQNmmUﬂqﬁmﬂﬁaULLa'J @ﬂ%uflﬂf\]"\]ﬂcl/]ﬁ'] UUAD

nandildlunstuduls  wedwesfegluihiuunumauwilsanuniiniezBianamniu

Wiy esnnneduaninuednansaideNan mgamiiaddutie 190 uag 230 °C U

a

anvhenruviindsanawmunafidisdy Sadununismeaeudis DMA Tneldgamgding
190 way 200 °C ntuhluneaeumeuniagemeain DMA luluua Time scan 1y
srevlaan 30 wil lngldaaumgil 190 wag 200 °C FeannsnagounuIANriinanan
svovnafifistudosnndsnuanudouiiarasluanslenedwesinlvaslsneduania

waBniindsrugiudmaliaslsndoulmldie  woduanfeuedanasludadiu  50/50
waannull - 10 uwﬁwamwﬁmﬁﬁﬂaé’tﬁmﬁuLﬁaamﬂmwwﬁmiunmﬁjagﬁluﬁd’mm

Terminal zone F9ANUNUALUABULIAILBDEUNN L"f]ulﬂmmgﬂ‘ﬁ 40 LarM1s19N 5
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Viscosity (Pa-S)
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aq

PLA 3052D/Syn 80/20 190 °C
= PLA 3052D/Syn 80/20 200 °C
PLA 3052D/Syn 50/50 190 °C
4 PLA 3052D/Syn 50/50 200 °C

LY YVYY
Ak AL,
j E— AA‘AA“““‘AAAAAAAAAAAAAAA.AAAAAA..A.‘?

0 2 4 6 8 10
Time (min)

SUN 40 AnumilaresnedlanAnkeTanail o LIa1eng 9

a A a a a d
19NN 5 ﬁ?ﬂﬂ?’]&l%ﬂ@@?ﬂL'Jﬁ’WGUQQ‘WE]aLLﬁﬂGIﬂLL@%@I‘Hi%EJSL'Ja'] 30 U

ANUNTaluLAazal (Pa - s)

PN
gns
QO {min-5min 40min. 15min 20 min 25 min 30 min
190 866 = 751 625 526 462 415 381
3052D
200 745 584 480 406 350 306 268
3052D/Synthesis 190~ (8131 1 57.90 | 451 38.4 34.1 31.1 29.0
PLA 80/20 200 654 405 295 20.1 21.0 19.0 17.5
3052D/Synthesis 190 706 428 2.29 1.87 1.74 1.54 1.54
PLA 50/50 200 408 1.71 1.06 0.79 0.83 0.66 0.63
190 N/A  N/A N/A N/A N/A N/A N/A
Synthesis PLA
200 N/A  N/A N/A N/A N/A N/A N/A
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vdanilduugehdunugud 35 wagldmaumiuniinvomeduandnuedeiiay
yhmeaeu Tagannzdildlunismeaeude guvadl 200 °C AmEIseU 2500 rpm Usnal
5 ndu Budunadaudiladenediuesluiiy wasfusen n 9 2 wilduszezian 10
wiinuin wunaduloedoveseduaniauedanandndiu 80/20%wt uaz 50/50%wt

vuadulandslnddeaiy Tusmsed 6 ag1alsfnuainisnszaresvssvundulewnneng

[y [

PlneNdndiu  80/20%wt  INNSNIEEMVBIIUIMLEULENNININERdI 50/50

Wewnananuvilavesdndiu 80/20%wt (Anumilalugie 1-10 w1l gaumgil 200 °C Ao

a

30-80 Pa-s) fiAngendndmau 50/50%wt (auvidaluyae 1-10 urit gaumgil 200 °C fig 1-5

Y
Pas) Q3ul 40 Usenau vihbidulenituladdsvwnaduleiinireilven SD fYenis

v v Y =)

Tumanduiudranamilasvilidulendulsdesivuafiaiauedmalidn SO fsiiuay
fienuviingedeaenndeatunsminisnszeduesyuinidule ehuruniindadutiede
dddmsunstuduleneduanfinuedndifivuinasiiane Fsanuniaiiannsatuneduan
danednliduduloladateglugae  1-30 - Pas  Iavsuiduleneduanfinuednnandna iy

80/20%wt, 50/50%wt LLazmswaqmeLﬁuial‘ﬁugﬂﬁ 41 uaEANIIN 6 MUEWU Fean

A1s19nstudulgvunAaudsraiasanniull 4 uad

\
P,
<
5
r

140

Count

SEM HV: 10.0 kV WD: 10.00 mm MIRA3 TESCAN|
View fieid: 1.38 mm Det: BSE
SEM MAG: 150 X B81: 4.00 Silpakom University

=

35
345
55
S 65
75
85
95

SEM HV: 10.0 kV ‘WD: 9.90 mm MIRA3 TESCAN|
View field: 1.38 mm Det: BSE 200 ym
SEM MAG: 150 X 81: 4.00 Siipakom University

=4
)

SUN 41 a1 SEM vasiduleneduanfiaua@anay 3052D/Syn PLA Lagn15n18918R2999

Y

Junvauley Tudndlu 80/20%wt (a) wag 50/50%wt(b)
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31971 6 anaduleRdsveseduaninuwedaua 3052D/Syn PLA dadau 80/20%wt uax

50/50%wt

Tine of | 3052D/Syn PLA; 80/20%uwt 3052D/Syn PLA; 50/50%uwt
Process  Average fiber Standard Average fiber Standard
(min) diameter (um) deviation diameter (um) deviation

2 353 30.9 27.7 12.0

4 29.0 13.2 23.0 6.6

6 26.8 214 28.8 12.5

8 25.9 16.0 24.5 5.7

10 259 11.0 24.0 7.6

wavasiminluanasionstiuduleneduaniauada
TurAdedaldfnuiladvronhminlmanaiiduadonsdudule Tngldindanon
1R 3052D/Syn PLA &ndaw 80/20 il Synthesis PLA wazliiatsdunaduaninueda 1nsa
30520 Aeufiazduiduly wasdulenldaniases RIS Tugas 3052D/Syn PLA dadau 80/20
Tugas 2 uar 10 undl dhlunpaeumtmiinlaans feweiin GPC nausingly assd 7

‘:‘I 20’ L% ! = 20’ U a
LL@%EUVI 42 1Uﬂ’]iVl®ﬁEJUU’HﬁuﬂIMLaf]aWUT]:LIﬂ'ﬁﬂ’i%f\]’]’EJ?JEJQ‘UW%UﬂIMLaqaLL‘UU‘UﬂG} bbel

ISP a

WUU Bimodal lnawaakanfnuadanwnse 3052D 1n15n1529788kuuUnAina1nne 1A1Laa

A® 84162 Da LN8ITIUALITILANAININ NOAUANAALDTALNTA Synthesis PLA NHNS

=

N3¥8MILUY Bimodal kansirdiuiminlulanaiaduedaniyiafe 8141 Da Feilagdnuiu

I 1o

1NWaE 17695 Da Feilegduiutiosnin uansliiiuinnedianfnuedanse Synthesis PLA

Y

[y
v o W 1

fvsiminlnanavualvguasrnadnuzdudu WednediweSiasunsanauiludadiu
3052D 80%wt way Synthesis PLA 20%wt wuiinszanefavesiminluanaduuuuun
doarnuaniniinluanasuielngveansa 30520 uatdluanawuindnues Synthesis
PLA quifiun1snszatedavesimidnluanauuund uasdminluananisanaunie

54626 Da w5121 Synthesis PLA vihwthiilusanaadledvinliluanavuinlugvesnse
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3052D HUu1AdNaariidTIUIULINTY LAYHANIIINNITEAIEHINIIAINSDUNFIRINT

waly Internal mixer Wuszeziial 10 w1

vdanthudulomeinies RIS Tnglineauanfnuedanaudndiu 80/20 %wt s
naaeu Tneifufedradulelutissseznatd 2 wifuas 10 wifl 9nduhlunagey GPC
wudwﬁmﬁ'ﬂimLaqaamaau,azﬁmimzmséf’maafmﬁﬂimLaqau:uu Bimodal twaneituniin
Tuanavualngjanaadesiiiansaarsdmisarsiuszninanssuiunmstudule vilid
Tuanawmadnifivindy ddulafansnszaefuuy Bimodal usmindlewisuifisuidu
Telu 2 Wit uag 10 wnit dhwidnluanaanasusanadhiinnidlafisusudianeumadiudule

Tugae 2 uil wanrirladevesnisidousdas eamgiiinauinnitssegiandudaduaiy

Y
Y v
[

Fou wonnduminluanaddnasenistudulesas lnedunalaainnisnldaiansadu

wileneduanfauedainsa 30520 eilluianavuinlyg seituiuuatanluzun 35

2

16 4
14 4
1.2 4

T
100000 10000 1000
Slice log MW (daltons)

= Synthesis PLA

== 3052D/Synthesis PLA

=—PLA 3052D

= Fiber 3052D/Synthesis 80/20,2 min
= Fiber 3052D/Synthesis 80/20,10 min

dwt/d(logM)

sUfl 42 dhniinluianavesweduaniauedainga 30520, Synthesis PLA, 3052D/Synthesis

PLA 80/20%wt tazlduleuas 3052D/Synthesis PLA 80/20%wt 2 Way 10 U1l
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51971 7 dniinlaanavesiidinaemnag 30520/Syn PLA dndau 80/20 LiaLstumned
LanfnLedn 1nsn 30520 Aeuflazduduly waziduledildarniedos RIS Tugns 30520/Syn
PLA dndu 80/20 Tute 2 uag 10 w1

. wtinluana
NIV Polydispersity Distribution
(Mw) (Daltons)

WIALSTUNDALANAALDTA LNTA

84162 1.79 Normal
3052D
ADNWIIA 3052D/Syn PLA
" 54626 1.36 Normal
gnalu 80/20
Synthesis PLA 8141 1.30 Bimodal
&ule 3052D/Syn PLA dndau
’ 41813 1.79 Bimodal
80720 Tu 2 w#i
w@ule 3052D/Syn PLA dndau
39466 1.78 Bimodal

80/20 Tu 10 W

AUIMBATINTSIRALAZANAY AMMSINaAWBSAINUasTUaLduTY
naaosillalinoduannfnnal 3052D/Syn dndu 50/50 tneldan1iganusiseu
2500 rpm il 200 °C UTuas 5 nsu lagldvmdumuguin 35 lngisudunadunculd
< a s R o - v a A a s I3
dianedwesasluiilu nsAmnaluidetiegneldauuiigiuitin wedweivaeuvaiiy

VBILUAILUYU Newtonian

9MN3IN5 IMakazAUAY

= o { {1 7'4AP | o d ¥ o [y
FINAUNTONTINTINE @UNNSN 2 191 Q = ”87 Taenmndsniilgdmnsunis
o a0 2 1 d’J
AIdlAsaRa LUl
Satveswion1Uaans () = 0.0003 m.

AUl (u) = 4 Pas
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ANMULIVIeATaans (L) 0.01 m

AUAUININNTNYU (AP) plw?R

ANURUILUY (p) 1116 ke/m® (Veuzviaouai 190 °C)

ANUTATIN (w) rpm-/30 = 261 rad/s (2500 rpm)

Saiivatu (R) 0.0625 m.

AMUNUINDABSUAIMA U ()= 0.0015 m.

= a 1

et AP Faiandu 7170 Pa unumiAnusunlaluaunisy 2

Aatu Q ldannsAusnimguffiendu 5.70x10° m¥/s dnsinslvaiaiuie

o
< a v [

Indugnsinisivaluvieataaisidies 1 vie whiuwiluwiidulunuideiddegianun 4 vie
fatusnsInsivalnilasan 2.28x10° m?/s

v @

9951115 MaNlAIINNITNARBY SUAUALBAITIN G]ﬁ’]ﬂ?iﬁ\la@lﬁlﬂu Mass flow rate

Al

nnsUuEulAIUEN1ITT19IAN BRIINITHAATLATAT 5¢/10 W19l %30 8.33x10° kg/s
WasuaIN Mass flow rate 1ty Volumetric flow rate %38 8ms1n1siva (Q) dan 1Ju

7.47x10° m%/s wazdnsINsinaies 1 vieA1laansAe 1.86x10° m¥/s

PMNINIINITINaN AN TAIUIULAZIINNITNAARY NUITAWANAIAUUTZU
3.2 willesanlun1ineassaseame suasuuaidsgansalnaseniduusnudu o

WeyalAvsuamTUaa swintu F9LAnA1NaInANsAUIMnediLesneaNnalglrnasen

v

NYBA1UAA5 ALNE9D81A87 UBNANTALUSNUNLIA UM ANAaIaLARR LU

(%
[

Aduase lann fnusanununvestunedwes (1) Fauduszes9094nanulavedtuned

[ o

& = I3 a & & a s N J o o
S SUQIUWJ']@JLTJURWQUH TLYLVBITUNBALUDTUNTURAIULURINADALIAIUDNINNULIUA

a

wUsAuruILUY (p) IngiAianuuiwiungamgi 190 °C wldlunisAuin 1iein

Y

ANUVUILUUTIgUN I 200 °C llanunsanaaeuinndunuiLiumenIevinaviinisivg
(melt flow indexer) 19 1Hi8391niiNs51lvavemediueivasumalNnNNITzUsNauAaanLIan

JuilifsmageukaziiAIAuRUIRiuNgugE 190 °C 8nvan1siana1ussaudld

1A50980N15 TN UL UUBUNILTATIE LI TALARANNARIARAUINNLATRBlE Wananil



50

N1552URINeALANAAIUSENININSUUEUTY YN lAMARAMULANAI9Y899RSINTT INATENINeNTS

VARDILALNITANUINN NN UN 3.2 11
< = Y
anusInadule

dlewedwesiineeanuianidudiernusiesn (u,) nedwesiinazgnide
meitu wagnedwesiingndneanluimernuidaunsadinaldanaunisn 8 wazne
dwesiniigninsenlusredmeldiaunfgiuiii dasinsivanvienlaansuasdnsinisiva

Y
a 5 A o a{' a sa X A v oo oayy
VDINDALUDILANNINUAADANILE U Iﬂﬂﬂ@@iqﬂqi‘lﬁawv\l@aLll@iﬂ@ﬂ']"ﬂ']ﬂwu%‘ﬁuqm@Vﬂ,@"ﬂ']ﬂ

N15N9a09UBIYUIALEULeTUMNS199 6

INANNITN 8 Apylley = Aptip dN3150ANINMANIISIRNAUlENOTLANAALDTN

AlglasunuAfuUsnng 9 fell

AALSIVIBDNVBINBAUBSILIN (Us) ATLIUINENNTENIINT I luvieaUaans

TnedniewAty 1 vieeUaans

Uey = Q/ Aex

S v oo

Nunntenea1laans (A.) = o2 = 9.00x10 % m?

§15171511a31NN1INAaBY 1 viedia 1.86x10° m*/s a¢lAmuS191nnsNAaes

Uex = 0.006 m/s

1%
Y ¥

NunnisavuaEule (A) = wainnisnaasstudulelagldvuindulewmis 25.9

1Y

um AA5199 6 AglA 1.67x107 Tt m2 wnualuaunisy 8 agldanuSinaduledsi

~9.00 x 10781
Y =167 x 10-101

ur = 3.54m/s

X 0.006

Anusmaduleffuialefe 3.54 m/s weluauiduasiwdineduesdmaiitads

= 1Y [ 5 d' d' [ = dl’ I dl' d' a U
YosANUniinegaie fuluieaviadevesninunia Fadulumungnisindeunivesiisiu
Jo9 2 wazilulumu Elongation viscosity WiHasiuvs 2 wwidalimeniuduinluaunisi

[

J938U89ANUNUAINULNLIVDIRIL
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AA lns—efx = %th(uf — Uy ) (6)

NASERNATUNNTNARBINUIT KaanTdUleaanuInFTULINAIN 3 cm Ldule

w9 Jeanusailumsseznafidulediegluaniugnasumaild a1naunisauga

a =2

S=vt Fea1U1TAAILIUNA19nNLS AB 5 U FearunTatnluAIwINMIANLLEITILARDIN

Yaduvesanunils Ialasunuaidulsag o all

Elongation viscosity (A) =12 Pass
Nuinidinvesierdaand (A) = 2.28x107" m?
ANLSIVI98N (Uy,) = 0.006 m/s
PnIINThraITaa Qy 1 vienUaans = 2.08x10° kg/s
naiduledsdianugnaoninas =55

Fa91nNSAUIMENLNTAAUINAISY (U) 18 4.21 m/s

a0 ¥

& aa [ = 1 & A ] o a
mmL‘JWIZJ“U‘-\]‘i]amaﬂﬂjﬂu%uﬂmmuaﬁlmﬂmmLi%ﬂ@gﬂﬂﬂimanmmg’m%miwaLL‘U‘U
. =y = @ v ~ A R o § v & = v i
Newtonian Lu@ﬂﬁﬂﬂﬂ?quﬂu@'ﬂgLUuW@WUﬂWUﬂW?@QUﬂﬂaﬂﬂﬁﬁquiﬁﬂﬁqmLi?@QLausLEJllﬂr]

BI2GN

1BNIINTANUEVIBBN (Uy) ke AIISINTAREULY (U) A1UNTAFIUIVNIVUIA

P ¢ a ¢ a Y] &y .«.:1' v v PN
aUNWUﬁUUﬂa’]QGUENW@aLll95L"\]WIW'UN{]ﬁ]ﬁ]ﬂﬂaﬂﬂ'ﬂqﬂﬁu@l’sﬂqmqLﬂ'EJ’JGUEN léﬂﬂfﬂsﬂﬁuﬂqim 9

U

—

)
N
- lex
Us
r = 0.0003 [22%¢
4.21
r=11.8um

Aaturuanediuesianiawinlafe 23.6 um MnvIAEURNUALENaIUBLEUle
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Chapter 1

Introduction

Background

Polymer fibers are interesting in the world. The market size of polymer fibers
has increased from the past, especially polymer nanofiber. [1-3] The reason why
polymer nanofiber is interesting in the world because polymer nanofibers have a
small diameter and high surface, so the ratio of surface and volume is high. [4-6] As a
result, polymer nanofibers are highly efficient and versatile as compared to normal
fibers. Polymer fibers can be used for-a wide range of applications, including tissue
engineering, drug delivery, wound dressing, filtration, and so on. Therefore, a lot of
fabrication processing to-increase the efficiency and guality of the production of fiber
are very challenging. Fig. 1 shows the nanofiber size in comparison with the pollen

grains. It also shows the pares on the fibers, which are very characteristic of the fiber.

Fig. 1 Nanofibre size (Human hair, pollen grain, nanofibre mat). Photograph of

Elmarco [7].
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Fig. 2 Porous on the non-woven Polylactic acid nanofiber (a) Structure of pores, (b)
More pores in a uniform fiber, (c) SEM image of PVP/Ti(OiPr), fiber, (d) TEM image of
PVP/Ti(OiPr), fiber with a hole in the middle. [8]

The fabrication technology for non-woven fibers
Rotational jet spinning (RJS)

RJS was called in many names such as centrifugal spinning, rotor spinning,
force spinning. RJS technique was similarly closed to the method which the cotton
candy was produced. The composition of RIS includes spinneret that containing
polymer compound or polymer resin. The spinneret was heated until polymer
compound or polymer resin was melted. Then polymer melt was rotated by a high-
speed motor, polymer melt in spinneret was flowed through the gap or capillary
tube between spinneret and spinneret’s cover. Then polymer melt was ejected
through the spinneret and move toward the collector. The polymer melt became a
solid along the direction of the spun jet. Finally, the individual fibers collection

became non-woven fiber or mat.

RJS can spin polymer fiber in melted systems and solution systems. Each
system has its advantages. The polymer was spun by solution system; polymer fibers
have porous due to evaporation of solvent that was used in this system. The
polymer fibers are suitable for tissue engineering or drug delivery. On the other hand

the melted system was easy to use and quick. Overall, the RJS machine is a polymer
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fiber processing machine that easy to use, quick, low cost, and RJS can spin

commercial polymer and biopolymer.

Polymer
Reservoir

Fig. 3 Simulated picture of spinning fiber of RJS and RJS machine of FibeRio company,
model FibeRio Cyclone™ L1000M. [7]

Electrospinning

It is a manufacturing process for fibers spinning that use electrical forces
instead of mechanical forces. The polymer may be in solution or molten state, the
fluid will be charged to the surface by a strong electric field due to the electric
charge with the same polarity has a repulsion between it. When the repulsion force
increases, and it overcomes the surface tension of polymer solution then polymer
solution is ejected, and it is drawn into a fiber with the solvent evaporated by heat
transfer. The advantage of electrospinning is that it can spin a small fiber, with a
range in size from tens of nanometers to 2 micrometers therefore that fiber was
called electrospun nanofiber. Due to the production of the process is not
complicated, it is convenient to adjust parameters to control the production of
various fibers, but the disadvantage is that toxic solvent is evaporated into the

environment in the process and the production rate is also low.



Melt Blowing [10]

Syringe

Polymer solution Taylor cone

power supply

= /Collector

Fig. 4 The spinning process, electrospinning. [9]
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This is @ method for producing fiber by heating the polymer. The polymer is

extruded by the extruder. When melted polymer flows out of the extruder, the

extrudate was blown by airflow, the extrudate will splash and hold on the substrate,

final it makes a non-woven fiber in Fig. 5

Fig. 5 Melt blowing process.

The nonwoven spinning is mentioned above. There are both advantages and

disadvantages. Also, the limits for fiber spinning are different. To spin fibers for a wide

range of applications, it is necessary to use a suitable fiber production process for

maximum efficiency of the application. The dependence of the fiber diameter with

the fabrication method is shown in Fig. 6.
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Fig. 6 Comparison of the sizes of typical objects relevant for air filtration with fiber

diameters of RJS and electrospun (ES) fibers. [7]

Potential applications of micro-nano fiber polymers in various fields

Tissue engineering scaffolds

Tissue engineering scaffolds is the regeneration of functional tissues, it
replaces or repairs ‘a. damaged or injured, the human body cannot be recreated.
Therefore, the scientist researched, how to regenerate the damaged tissue with the
use of a scaffold. There are a lot of published articles, such as Ren J, et al. [11], who
used melt electrospinning. for PCL-SIBG composite fiber fabrication to make a
scaffold material for bone repair. Li Wang, et al. (2011) [12] spun the poly(lactic-
coglycolic acid) fiber via centrifugal spinning to make 3D scaffolds for tissue

engineering.

Drug carrier

Drug delivery is the drug transportation to a target area that can control the
release of the drug to the desired ratio for the highest efficiency. There are a lot of
published researches, such as Amalorpavamary and Giri Dev (2016) [13], who spun

tetracycline/PCL/PVP fiber for a drug-delivery vehicle.
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Wound dressing

Wound dressing provides optimal hydration and can protect tissues from
pressure or crush. It also adds drugs to reduce edema, inflammation, and a good
antiseptic effect on the wound as well. Which makes it unnecessary to open and
close the wound dressing to apply medication to the wound and do not need to
change the wound dressing frequently. There is a lot of published research, such
as Liu Yan, et al. (2019) [14] used electrospinning to prepare various nanofiber PGLA,
PCL, PVA, Chitosan/PLA, Alginate/PEO/triton x-100, and Gelatin/hyaluronic acid and
add medicine and make a dressing material for treating foot wounds caused by

diabetes.

Filter media

Filter media is a medium that performs a variety of functions. It can separate
materials that dispersed in liquid and air. This depends on the gaps and porosity of
the intermediate material. There is a lot of published research, such as Y.C._Ahn, et
al. [15], who produced highly efficient particulate air (HEPA) via electrospinning by
using a Nylon 6. HEPA has an efficiency of 99.97% filtration of material in the air, in

experiments using an airflow velocity of 5 ¢cm/s and particle size of 0.3 pm.

Material reinforcement

Nanofiber polymer materials are used as reinforcement to polymers or even
materials with high mechanical properties such as glass. Not onlz it can improve the
mechanical properties, it can also increase the absorbency properties of moisture or
other substances, or even improve the permeability of water and oxygen. There are
many published researches, such as M. Tausif, et al. (2017) [16], who used non-
woven Polyethylene terephthalate (PET) fiber, Polyamide (PA) fiber, and
Polyphenylene terephthalamide (PPTA) fiber as the reinforcing material of

Polyurethane (TPU) matrix to enhance the mechanical properties of TPU.
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Research of objectives

- To develop the Rotational jet spinning machine (RJS) to be able to spin
the micro/nano polymer fiber and to control a temperature with a range
in room temperature to 300 °C and rotational speed of at least 9000 rpm
which the speed and temperature have a tolerance, not more than +10%.

- To study the rheological properties of different molecular weight of
Polylactic acid affect the spinning of micro/nano polymer fiber from a

rotational jet spinning machine.

Conceptual Framework

Rotational jet spinning ‘machine (RJS) was modified from a cotton candy
machine. It can produce a micro/nano polymer fiber. The improved components of
RJS include the motor and control unit, sensor and control unit, spinneret, collector,
and body of RJS. In addition, the properties of polymer affecting micro/nano polymer

fiber fabrication were collected.

Research Scope

The scope of the research is as follows.

- Rotational jet spinning (RJS) is used as a process for spinning Polylactic acid
(PLA) fibers by adjusting the speed and temperature.
- The polymers used in the research were 3 grades of Polylactic acid.
O Polylactic acid 3052D, Nature work USA.
O Polylactic acid L130, Total Corbion Thailand.
O Synthesis PLA by Assoc. Prof. Dr. Yodthong Baimark, MSU

Expect benefits.

- To construct the RJS machine that can prepare the micro/nanofiber polymer
for use in the polymer fiber industry.

- To study the properties of polymer that affect polymer fiber fabrication.
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Chapter 2
Theory and literature review
To create the fibers from molt polymer through the rotational force, one
must understand the mechanism of the fiber formation. Generally, the flow of
polymer melt used the pressure that was generated by a rotation of the spinneret.
The pressure drives the molten polymer through the capillary pipe. Finally, the
molten polymer that it throughout from capillary pipe becomes a polymer jet and it
was solidified by ambient, polymer jet became into a fiber. The rotational jet
spinning process uses “The flow of molten polymer through the capillary pipe” and

“The fiber formation of polymer jet”.

The flow of the molten polymer through the capillary pipe

The completely spinning fiber relies on many related factors such as viscosity,
viscoelastic properties, molecular weight, and polydispersity index, etc. These factors
indicate the fiber property. Moreover, these factors can also be explored for the

efficiency of the spinning of other polymers with a rotational jet spinning machine.

The flow of molten polymer through the capillary pipe
The completely spinning fiber must flow through the capillary pipe with
velocity and molten polymer became a solid fiber. Therefore, the flow behavior of

molten polymer in the capillary pipe was very important.

The flow of molten polymer is occurred by pressure at end of a capillary pipe
and this pressure causes the flow rate along a capillary pipe. Under the hypothesis,
the molten polymer that flows inside the capillary pipe is fluid that has a viscosity as
a Newtonian fluid, so the relationship between flow rate and pressure is governed by

the equation 1. [17]
equation 9 Q = kAP
where Q is volumetric flow rate of polymer melt (m?/s)

k is Ttrd/8uL so that equation 1 could be rewritten as equation 2.
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AP is pressure in capillary pipe (Pa)

TriAP
8uL

equation 10 Q =

where ris the radius of capillary pipe (m)
L is the length of capillary pipe (m)
u is the coefficient of viscosity (Pa-s)

AP is the pressure that was occurred by centrifugal force (Pa)

Equation 2 is the mathematical representation of the well-known Poiseuille’s
law. The viscosity of the polymer was a Newtonian viscosity fluid based on the
assumptions; therefore, a viscosity of the polymer was independent of shear rate, it
was possible to calculate viscosity from the slope of Q and P plot. In the analysis

given here, it is assumed that:

- The velocity of the fluids at the wall of the capillary pipe is zero (V,, = 0);
- The fluid is time-independence;

- The flow pattern is constant all along the capillary pipe;

- The flow-is isothermal;

- The melt is. incompressible.

To determine the pressure in a capillary pipe during the spinning process,
from the equation of rotational motion following a = w?R. The force can be
calculated from Newton's second law of motion, F = ma. From these equations

could be rewritten as
F = mw?R

Where F is force from Newton's second law (N)
m is mass of spinneret (kg)
w is angular velocity (rad/s)

R is radius of spinneret (m)
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From the equation, the variable F could be substituted with F= PA where A is

the cross-section area of a capillary pipe, then we could be rewritten as
APA = mw?R

where AP is pressure in capillary pipe (Pa)
A is cross section area of capillary pipe (m?)
m is mass of spinneret (kg)
w is angular velocity (rad/s)
R is radius of spinneret (m)

This, when rearranged as

_pVw’R

AP
A

From relationship, m = pV, where V is volume and relationship of V is V = Al, where (

is the length of capillary then we could be rewritten as equation 3
equation 11 AP = plw?’R
where p is the density of the molten polymer at 190 °C (ke/m?)
Lis the length of the molten polymer in the spinneret (m)

w is the angular velocity (rad/s)

R is the radius of the spinneret (m)

Volumetric flow rate and pressure were relationships to shear rate and shear
stress. Shear rate and Shear stress are variables that indicate the polymer processing
capabilities. Volumetric flow rate (Q) indicates shear rate (y) at the wall and Pressure
(P) indicates shear stress (t) at the wall following equations 4 and 5 respectively.

4Q

equation 12 -y = —3
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_ RAP
equation 13 Tw = EE

Volumetric flow rate (Q) can investigate the exit velocity of the molten

polymer from a capillary pipe following equation 6.
Q =AUy

equation 14 Upy = %

where A is the cross-section of a capillary pipe (m?)

Uey IS the exit velocity of the molten polymer in a capillary pipe (m/s)

The exit velocity from equation 6 can be used to calculate in the next theory

that the fiber formation of polymer jet.

The fiber formation of polymer jet

The formation of fiber by rotational jet spinning machine uses the theory of
elongation flow which is the rheological theory of the molten polymer at the end of
a capillary pipe. The molten polymer is ejected by pressure from the spinneret that
the molten polymeris called the polymer jet which is still in its molten state. At the
same time, the spinneret still rotates, and the polymer jet is pulled by the spinneret,
after that the polymer jet is elongated into a long polymer jet. Finally, a long

polymer jet become a solid fiber and it is collected at the collector.

Elongational flow

The elongational flow is the theory that describes the elongation of polymer
jet after ejected from the spinneret with velocity (ue,). The shear stress that happens
in a capillary pipe disappears and there is only the tension acted on the polymer jet.
The spinneret pulls the polymer jet with a velocity. After that the polymer jet is
elongated until the diameter size of the polymer jet is reduced. The elongation rate

is determined by equation 7.



Elongation rate (&)

lnL
equation 15 [17] = Zex
where € is elongation rate (1/s)

t is time of elongation (s)

u is the velocity of the polymer jet at any time (m/s)
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u variable which is calculated by the continuity equation under the

assumption which the elongation rate of polymer jet is equal along with the polymer

jet was not broken. Therefore, the flow rate at end of a capillary pipe and the flow

rate of the polymer jet before solidification are equal, as.in equation 8.

Qox = Qf
equation 16 AgxlUex = Afug
where A, is the cross-section area of a capillary pipe (m?)
Uey is the velocity of polymer jet (m/s)

A is the cross-section area of fiber (m?)

uris the fiber pulling velocity (m/s)

Ur

Fig. 7 Schematic representation of polymer jet ejected from a capillary pipe and

stretched to a long fiber.
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Furthermore, a fiber diameter is calculated by the exit velocity of the
polymer jet and angular velocity of the spinneret. The spinneret pulls the polymer
jet to a distance equal to X and the real distance that polymer jet is pulled is equal
to Y, but an angle between X and Y is very small due to the angular velocity of the
spinneret and the exit velocity of the polymer jet is very different, it can be

estimated that X is equal to Y. the following expression is for X.
X = u]ct
Where u is the angular velocity of spinneret (m/s)
t is time that polymer became solid fiber (s)

where time was calculated from the equation;

Sc

uex

Where s_is the distance between the spinneret and the polymer jet

u
/Tex

u]"\ X

Fig. 8 Schematic representation of a direction of the angular velocity and the exit

velocity of polymer jet (Ug,).

From Fig.8, one could calculate the fiber diameter with equation 8 as

following;

AexlUex = Aug

Aex _ Uy

A Uey
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g us
Tr2  Ugy
where rex is radius of capillary pipe (m)

r is radius of fiber (m)

After rearranging, equation 9 is found to be the ratio of radius as a function of the

square root of the ratio of velocity.

equation 9 L= R
Tex uf
where lex is radius of capillary pipe (m)

ris radius of fiber (m)
Uey is the velocity of polymer jet (m/s)
Uy is the angular velocity of spinneret (m/s)

However, in the case of real molten polymer could not think about very low
viscosity. Therefore, elongation viscosity has to consider. The elongation viscosity was
a resistance that occurs when the polymer jet was pulled by the spinneret, where

the elongation viscosity is 3 times of shear viscosity (1), following equation 10 [17].
equation 10 A=3u
where A is elongation viscosity (Pa-s)
W is shear viscosity (Pa-s)

The behavior of elongation viscosity changed with time when stretching a
particular fluid with a certain elongation rate appeared that elongation viscosity
increased with time which shows in Fig.9 because the fluid was stretched that was
hardening. Therefore, to maintain the stretching rate was stable, it necessary to give

more force.
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Fig. 9 The increasing of elongation rate with a time of PS at 170 °C with stable
elongation rate 0.01(A); 0.03 (¥); 0.1@), 0.3(V); 1.09). [18]
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Chapter 3
Materials and Methods
Guidelines and methodology
The purpose of this research is improvement the rotational jet spinning
process for Polylactic acid fiber. This research improved the rotational jet spinning
machine from a cotton candy machine due to a cotton candy machine could not
spin Polylactic acid. The improvement of a cotton candy machine includes a motor

and control unit, a sensor and control unit, the structure of rotational jet spinning.

Materials

- Polylactic acid 3052D, Nature work corporation, USA, density 1.24 g/cm?, melt
temperature 145-160 °C melt flow index (210 °C, 2.16 kg) 14 ¢/10min.

- Polylactic acid L130, Total Corbion Thailand, density 1.24 ¢/cm?® melt
temperature 175 °C, melt flow index (210 °C, 2.16 kg) 16 ¢/10min.

- Polylactic acid by Assoc. Prof. Dr. Yodthong Baimark, MSU, melt temperature
167 °C melt flow index (190 °C, 2.16 kg) is N/A.

Characterization

Modular Compact Rheometer madel MCR-302, Anton Paar, Austria.

Scanning electron microscope (SEM).

- Melt flow index:

Laser Photo Tachometer.



Methodology

The methodology follows the flow chart.

Improvement of RJS
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Stabilization of rotational jet spinning (RJS) improvements

RJS’ components provide better performance for spinning Polylactic acid and
provide stability that the vibration of the machine is minimum and Polylactic acid
can spin and repeat that. Moreover, RJS can control a rotational speed and
temperature that stable. The components of RIS that have been improved are as

following.

1. Motor and control unit (g‘d‘ﬁ 13, in Thai section)
Heater sensor and control unit ('gﬂ‘ﬁl 14, in Thai section)

Slip ring (g‘d‘ﬁl 31, in Thai section)

S

Slip ring and cover with 4 capillaries (gﬂﬁ 24, in Thai section)
5. Collector (E‘U‘ﬁ 29, in Thai section)

6. Structure of rotational jet spinning (gﬂﬁ 34, in Thai section)

Fiber spinning testing
All Polylactic acid resin was dried at 60 °C overnight. 10 ¢ of dried PLA was
weighed and centrifugally spun into fibers.
Rotational speed: 650 1700 and 2800 rpm at constant temperature of 190 °C
Temperature: 190 210 and 230 °C at constant rotational speed of 650 rpm

Polylactic acid 3052D and synthesis PLA was blended with ratio 80/20%wt
and 50/50%wt to study of the calculation of the variables in the spinning process
with the RJS. All Polylactic acid resin-was-dried at 60 °C overnight. Dried PLA of 5 g
was weighed and centrifugally spun into fibers and timer from starting to put the

pellets until the blender is finished to find the production rate.

Theory

Theoretical calculations related to spin parameters as following.

1. The flow rate of Poiseuille’s law compared with the experiment as the

following equation
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Q:

where ris the radius of capillary pipe (m)
L is the length of capillary pipe (m)
u is the coefficient of viscosity (Pa-s)

AP is the pressure that was occurred by centrifugal force (Pa)
AP = plw®R

where p is the density of the molten polymer at 190 °C (kg/m?)
Lis the length of the molten polymer in the spinneret (m)
w is the angular velocity (rad/s)
R'is the radius of the spinneret (m)

The pressure equation has a density variable that obtained from the

melt . flow index experiment via melt flow indexer, following as
equation P = m/v

2. The exit velocity (ug) in a capillary pipe, following as equation u,, = %

3. The fiber pulling velocity (ug, the viscosity of the fluid as a Newtonian fluid
compared with real polymer viscosity.

4. The theory fiber diameter compared with the experiment fiber diameter.

5. Dimensionless number: Re number.

6. The shear rate of rotational jet spinning (RJS).

Performance testing of the rotational jet spinning (RJS)
The performance testing of rotational jet spinning (RJS) was divided into the

performance testing of rotational speed and heating system.

The performance testing of rotational speed was a rotational speed testing of
RJS with and without installing the spinneret. The initiation of testing started with the

lowest voltage that the spinneret was spun, then a rotational speed was measured
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by the Infrared tachometer for 5 minutes, and the voltage increased every 5 V until

the rotational speed reached the limit of RJS.

The performance testing of the heating system was the experimentation of
heater, sensor, and control unit of RJS that was measured at 190 °C and the lowest

rotational speed for 5 minutes.

The flow rate of Polylactic acid of the experiment was measured with the
compounding of Polylactic acid 3052D and synthesis PLA in a ratio of 80/20%wt with

the condition of 200 °C, 2500 rpm, and 5 grams of the compounding.

PLA Compounding
Polylactic acid 3052D and synthesis PLA was mixed in a ratio of 80/20%wt
and 50/50%wt via an internal mixer at 190 © C, the screw speed 60 rpm for 10

minutes.

Dynamic Mechanical Analysis (DMA)
The DMA technique was a viscosity simulation. of Polylactic acid in the

spinneret during a process.

The viscosity of Polylactic acid was investigated via @ modular compact
rheometer while temperature sweep mode, at a temperature range of 170 - 200 °C
at a rate of 1.5 2 C/min. Polylactic acid 3052D, L130, Synthesis PLA, and the
compounding of 3052D and synthesis PLA in-a ratio of 80/20%wt and 50/50%wt were

investigated.

The viscosity of Polylactic acid was investigated via a modular compact
rheometer while time sweep mode at 190 and 200 ° C for 10 minutes with the

compounding of 3052D and synthesis PLA in a ratio of 80/20%wt and 50/50%wt.

Gel Permeation Chromatography (GPC)
The molecular weight of Polylactic acid before and after spinning was

investigated by the GPC technique.
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1. Polylactic acid 3052D

2. Polylactic acid Synthesis PLA

3. The compounding of Polylactic acid 3052D and synthesis PLA in a ratio of
80/20%wt.

4. The fiber of compounding of Polylactic acid 3052D 3052D and synthesis PLA
in a ratio of 80/20%wt after the spinning for 2 minutes.

5. The fiber of compounding of Polylactic acid 3052D 3052D and synthesis PLA

in a ratio of 80/20%wt after the spinning for 10 minutes.
Scanning Electron Microscopy (SEM) and the fiber measurement

The SEM images of Polylactic acid fiber were measured the diameter by a

human via the Image J program following the step as;

1. The SEM image was imported into the Image J program;

2. The 1 square inch grid, 36 squares were drawn on the SEM image;

3. The scale of the Image J program was calibrated with the scale on the SEM
image;

4. The range of fiber diameter was drawn from edge to edge of the same fiber
then the Image J program calculated a range that was drawn while a range
was a fiber diameter;

5. AWl fibers in 1 square was measured with 2 points until to complete 36
squares;

6. AWl diameter was calculated the average fiber diameter and standard

deviation.
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Chapter 4
The results and discussion
This research aimed to improve and develop the rotational jet spinning
machine based on the cotton candy machine for Polylactic acid fiber preparation,
The new machine used the rotational jet spinning technique (RJS) to generate fibers.
The cotton candy machine was improved with a better performance. Polylactic acid
was then spun by the RJS machine for non-woven Polylactic acid fiber. Moreover,

the condition of the spinning Polylactic acid process was investigated.

The cotton candy machine was the basis of the rotational jet spinning
machine as shown in Fig. 10 while the component and operation of the cotton
candy machine was similar but the cotton candy machine could not control the
rotational speed and temperature moreover, the cotton candy machine could not
spin Polylactic acid into the fiber, that the cotton candy machine was not suitable
for Polylactic acid and other polymers spinning. Therefore, the component of RJS
must be more -efficient than the cotton candy machine while the various
components of the RJS that have been developed to be more efficient and have the

following improvement.

Fig. 10 The cotton candy machine was the basis of the rotational jet spinning

machine (RJS).
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“Feasibility study of Polylactic acid fibers spun by self-design rotary spinning
injection machine” was first conducted. The cotton candy machine was first
improved for spinning Polylactic acid fiber. A motor and control unit and sensor and
structure of machine were improved for Polylactic acid fiber spinning. In this regard,
the motor used a type of induction motor that was controlled by a rotational speed
controller which had a maximum speed of 1800 rpm, the sensor used a type of
infrared sensor that was controlled by Arduino program, the cover of the spinneret
was increased a thickness to 10 mm due to the old cover was chipped after spinning

for a long time. The self-design rotary spinning injection is shown in Fig. 11.

Fig. 11 The self-design rotary spinning injection.

The self-design rotary spinning injection could not spin Polylactic acid 3052D
but it could spin the synthesis PLA which had low molecular weight and low

viscosity polymer. The synthesis PLA fiber is shown in Fig. 12.
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Fig. 12 synthesis PLA fiber spun by the self-design rotary spinning injection, rotational
speed 18000 rpm, 250 °C.

Polylactic acid 3052D could not be spun because the self-design rotary
spinning injection had low rotational speed and the control system of temperature
was not enough. Therefore, the new machine must improve the motor and sensor

system first.

Motor and control unit

The rotational speed was the main factor for polylactic fiber spinning which
was improved first. The motor had been replaced with a universal motor capable of
exceeding 10,000 rpm and the control unit had been replaced with a voltage
regulator that high-performance control system. A universal motor (left) and voltage

regulator (right) are shown in Fig. 13.

Fig. 13 Universal motor (left) and voltage regulator (right).

Sensor and control units

The sensor of the self-design rotary spinning injection machine was an
infrared sensor that high discrepancy. Therefore, the infrared sensor was replaced
with a PT100 sensor that was installed under the spinneret. A PT100 sensor is shown
in Fig. 14 (red arrow). A heater is embed in the spinneret as shown in Fig. 14 (left,
white arrow). The FY400 PID temperature controller is shown in Fig. 14 (right). The PID

temperature controller was more accurate than the infrared system. A new type of
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sensor that was installed under the spinneret required a new slip ring system for

supporting the RJS functionality.

Fig. 14 PT100 sensor position (red arrow), heater (white arrow), and PID temperature

controller (right).

Slip ring

A slip ring is a circuit bridge that connection between the spinneret and
temperature control system of the RJS. A slip ring is composed of 4 stacks of a
copper ring, each copper ring was a conductor of heater and sensor moreover, a
carbon brush was a conductor of slip ring and electrical control cabinet. In the
process, a slip. ring and. the spinneret rotate together, allowing the supply of
electricity to a heater and sensor. It is shown in Fig. 15 slip ring (red arrow) and

carbon brush (white arrow).

Fig. 15 Slip ring (red arrow) and carbon brush (white arrow).
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The improvement of the rotational speed system and heating system was
sufficient to spin Polylactic acid fibers whereas the problem was also difficult to keep
the fiber because the fibers waft in the air due to the propeller installed on the
spinneret that is shown in Fig. 16 (red circle, left). Therefore, the propeller was
uninstalled then a motor, the spinneret, and a slip ring were assembled as shown in

Fig. 17.

Fig. 16 The propeller installed on the spinneret (red circle, left), the propeller

uninstalled on the spinneret (right).

Fig. 17 The rotational jet spinning machine (left), slip ring, and a motor ware

assembled (right).
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Polylactic acid 3052D could spin with a condition of 1800 rpm and 190 °C
whereas the spinning fiber took more than 30 minutes. Polylactic acid non-woven

fiber is shown in Fig. 18.

Fig. 18 Polylactic acid non-woven fiber with a condition of 1800 rpm and 190 °C.

The previous: spinning of Polylactic ‘acid fibers had a problem. The fiber
entered and stuck at slip ring until a short circuit occurred. The problem was solved
by installing a ring plate in the gap between the spinneret and collector as shown in

Fig. 19.

Fig. 19 A gap between the spinneret and collector (red circle, left) and a ring plate

was installed (white circle, right).
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Another problem was the vibration of RJS due to the spin at a high rotational
speed. The problem was solved by reducing the unnecessary heavy part of the
spinneret and reducing the thickness of the cover from 10 mm. to 5 mm. as shown

in Fig. 20 and Fig. 21.

Fig. 20 The cover before reducing the thickness (left) the cover after reducing the

thickness (right).

Fig. 21 The spinneret before reduced the unnecessary part (left) and the spinneret

after reduced the unnecessary part (right).

Moreover, the structure of RJS was added weight for reducing the vibration of

RJS, the new structure was shown in Fig. 22 and Fig. 23.
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Fig. 22 The new structure of RJS.

Moreover, the RJS operation control system was improved for safety and
ease to use. The electrical control cabinet was added, the electrical control cabinet

as shown in Fig. 23

Fig. 23 The electrical control cabinet, outside (left), inside (right).

In the spinning process, Polylactic acid flows out from the gap between the
spinneret and cover which formed random fibers, it controls the production rate and
fiber diameter. Therefore, to control the production rate and the fiber diameter, 600

um capillary pipe was added at 4 positions on the spinneret as shown in Fig. 24 (left).
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The cross-section of the spinneret and the polymer pathways which the flow of

polymer was according to the theory in chapter 2.

@ = 600 pm

Fig. 24 600 um capillary diameter on the spinneret (white arrow, left) and cross-

section the spinneret (right) and direction of polymer pathways (red arrow).

After the improvement, Polylactic acid fiber could still enter the inside of the
RJS machine, but the quantity of the fiber reduced, and the vibration of RJS was
greatly reduced. The maximum rotational speed was 2800 rpm and the RJS could
control the temperature up to 300 °C. Therefore, the spun Polylactic acid was tested
to study the effect of rotational speed and temperature on fiber diameter. The factor
of rotational speed was 650, 1700, and 2800 rpm at a constant temperature of 190
°C. The factor of temperature was 190, 210, and 230 °C at a constant rotational
speed of 650 rpm. Three types of Polylactic acid were used: 3052D, L130, and
synthesis PLA.

All commercial PLA resins could be prepared into fibers completely. At 230
°C whereas the fibers could not be prepared when using synthesis PLA. The feature
of Polylactic acid fiber was a circular disc with a hole in the middle of the fiber, like a

donut as shown in Fig. 25.
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Fig. 25 Non-woven PLA fiber.

The effect of temperature

The effect of temperature and the rotational speed at 650 rpm. The fibers

diameter decreased @ when

the ~ temperature

increased because the higher

temperature reduced the polymer viscosity as shown in-Fig. 26. However, when the

polymer viscosity is very low, the polymer jet could not form fiber but could form

the bead. The average fiber diameter is represented in Table. 1-Table. 3 and the

morphology of the fibers are shown in Fig. 27.
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Fig. 26 The viscosity of PLA 3052D and PLA L130. PLA, Polylactic acid.
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d, 190 °C

N D82 x50 2mm

b, 210 °C 58 b, 210 °C

¢, 230 °C

f, 230 °C

N DE9 <80

Fig. 27 Morphology of non-woven PLA fibers on the effect of temperature of (a-c)

PLA 3052D, (d-e) PLA L130, and (g-h) synthesis PLA at a rotational speed of 650 rpm.

The effect of rotational speed

The effect of rotational speed and the fixed temperature at 190 °C, the
diameter decreases with increasing the rotational speed. The higher rotational speed
increased the pressure that is shown in equation 3. The increasing pressure leads to
more flow rate in a capillary pipe and the extension force as well. On the other
hand, if the rotational speed is more than 2800 rpm, the beads are formed during
the process. The average fiber diameter is represented in Table. 1-Table. 3 and the

morphology of the fibers are shown in Fig. 28.



91

g, 650 rpm
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e, 1700 rpm

b, 1700 rpm h, 1700 rpm
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Fig. 28 Morphology of non-woven PLA fibers on the effect of rotational speed on (a-

c) PLA 3052D, (d-e) PLA L130, and (g-i) synthesis PLA at a temperature of 190 °C.

Table. 1 The fiber diameter of Polylactic acid 3052D

Rotational Average fiber diameter (um)
speed (rpm) 190 °C 210 °C 230 °C
650 2230+ 545 1473 +3.94 13.28 = 3.75
1,700 16.60 + 655 12.30 = 7.06  6.46 = 3.11

2,800 7.50 + 2.60 739 +286  7.20 +3.37




Table. 2 The fiber diameter of Polylactic acid L130

Average fiber diameter (um)

Rotational
speed (rpm) 190 °C 210 °C 230 °C
650 18.60 + 536 11.80 + 355 11.20 + 4.75
1,700 1546 + 4.51 1337 + 577 11.42 + 4.76
2,800 14.16 +5.42  9.65+4.14 550 + 2.73

Table. 3 The fiber diameter of synthesis PLA.

Average fiber diameter (um)

Rotational
speed (rpm) 190 °C 210 °C 230 °C
650 2091+ 748 1590+755  N/A
1,700 16.92 + 620 ‘7.76 + 3.98 N/A
2,800 953+ 591 8.87 +4.30 N/A

The bead formation

92

The molten polymer flows through a capillary pipe that is called the polymer

jet. The polymer jet is drawn to-a fiber that smaller than the capillary pipe diameter.

The polymer jet arranges itself along with the extension force then the polymer jet

coagulates and becomes a fiber. However, the low molecular weight polymer or

small molecule polymer is weak entanglement of the polymer chain or low melt

strength until it is unable to resist the extension force of the spinneret. Finally, the

polymer jet breaks, if the polymer jet does not coagulate, it is formed a sphere due

to the surface tension of the molten polymer that is called a bead as a research of

Tom O’ Harie, et, al [19] and a research of Nicole E. Zander [20]. This mechanism can

be obtained with other polymers such as PBS, PET, etc.
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Troubleshooting for slip ring and other problems

Troubleshooting the vibration of RJS which this vibration is greatly reduced.
However, there was a new problem. The fibers are deposited on a ring plate, causing
those fibers to melt and stick. Moreover, the fiber stuck on the collector because of
the heat evolved during spinning the fibers for a long time. The collector was
remodeled to increase the heat transfer, which was changed from steel to acrylic.
The new collector had 2 components, a 125 cm diameter circular base and 25 x 450
mm of poles acrylic, which was attached to the fibers. The collector can be adjusted

in 3 levels: 8, 13, and 15 cm as shown in Fig. 29.

Fig. 29 Acrylic collector.

The problem of the fiber entered the inside of the RJS machine which has
caused several electric shocks and short circuits as shown in Fig. 30. Moreover, the
wires connecting the slip ring, the heater, and the sensor were intertwined with the

other parts of RJS, which will cause an accident in the future.
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Fig. 30 Evidence of a short circuit on the ring (red circle).

To solve this problem, the slip ring was remodeled. The slip ring to be
horizontally called the pancake slip ring which is held to a Bakelite that an insulator.
Bakelite also protects wires that can interfere with other parts of the device and
prevents heat transfer around the sensor. When designing a slip ring as a pancake slip
ring, it was replaced with a new carbon brush from the old one. The new carbon
brush wass held with 15 mm. acrylic as an insulator shown in Fig. 31 (white arrow).
Four carbon brushes were under the pancake slip ring. The carbon brush conduct

electricity to the heater and sensors as shown in Fig. 31.

Fig. 31 Slip ring, 4 copper rings (red arrow), Bakelite (yellow arrow), and carbon

brushes (white arrow).
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When the individual parts were assembled, the spinneret, the slip ring, and
cover sre shown in g‘d‘ﬁ 32, and when the slider is attached to the unit, it is shown in

Fig. 33.

Fig. 33 Spinneret connected to universal motor and carbon brush underneath the

spinneret (red arrow).

The new slip ring affects the RIS structure due to inconsistent spinneret
heights and collectors. Therefore, it was redesigned the structure of the RJS machine

as shown in Fig. 34.



96

Fig. 34 The new structure of RJS, font view (left), top view (right)

In addition, the improvement of a slip ring changed the inside of the
spinneret because the molten polymer can flow out of another area without passing
through the capillary pipe. Therefore, the improvement of the inside of the spinneret
was lathed to depth of 4 millimeter, it forced the molten polymer to flow only

through capillary channels as shown in Fig. 35

f_:—lL\\/,_’\/_ﬂ_:—. oo

Fig. 35 Cross-section of the spinneret and direction of polymer pathways (red arrow).

The rotational speed testing

The rotational speed system includes a universal motor and voltage regulator
that control a rotational speed. The voltage regulator adjusts a voltage that enters
the universal motor which a voltage is the power source of the universal motor that
the universal motor rotates. The rotational speed testing provides the rotational

speed testing with the spinneret and without the spinneret.
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- The rotational speed testing without the spinneret.

The universal motor rotated initiatively with a minimum voltage of
25V which the voltage increased 5V increments until rotational speed more
than 9000 rpm. From the testing, the maximum voltage that caused the
maximum rotational speed was 60 V, and the average rotational speed was
9476 rpm. The position testing is shown in Fig. 36 (top), and the distance of

the tachometer and the motor is 20 centimeters.
- The rotational speed testing with the spinneret.

The universal motor rotated initiatively with a minimum voltage of
45V which the voltage increased 5V increments until rotational speed more
than 9000 rpm. From the testing, the maximum voltage that caused the
maximum rotational speed was 60 V due to the RJS machine was vibration
and it will be an-accident soon and the average rotational speed was 3810

rom. The position testing is shown in Fig. 36 (bottom).

Fig. 36 The position testing, without the spinneret (top), with the spinneret (bottom).
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The rotational speed performance testing showed that the average
maximum rotational speed with the spinneret decreased in comparison with
the average maximum rotational speed without the spinneret. The minimum
voltage of rotational speed with the spinneret increased from 25 V to 45 V
due to the spinner was resisted by 4 carbon brushes and a mass of a new slip
ring. The rotational speed with the spinneret decreased up to 83% with a
voltage of 45 V. As the voltage increased, the difference in rotational speed
with and without the spinneret was decreased. The summary of an average

rotational speed is shown in Fig. 37 .and Table. 4 respectively.
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Fig. 37 Summary of the voltage and rotational speed of the universal motor with and

without the spinneret.
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Table. 4 Reduced efficiency of rotational speed with and with the spinneret.

Reduced efficiency

compared to the

Voltage The rotational speed | The rotational speed
rotational speed
without the spinneret | with the spinneret
without the
spinneret
) (rpm) (rpm) (%)
Average SD Average SD
25 2600 75 - - -
30 4547 182 - - -
35 5486 9t - - -
a0 6463 132 - = -
a5 6791 126 1136 118 83
50 7712 132 2659 56 66
55 8507 192 3322 55 61
60 9476 219 3811 59 60

The heating system testing

The heating system includes 2 heaters, a ptl00 sensor, and a temperature

controller. The heating system was investicated while heating and spinning

simultaneously. The spinneret was rotated with a voltage of 45, 50, 55, and 60 V

respectively, and a setpoint temperature was 190 °C. The graph of temperature with

time is shown in Fig. 38.
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Fig. 38 Temperature of the spinneret rotated with a voltage of 45, 50, 55, and 60 V

respectively.

The result of the heating system testing that the temperature after spinning 1
minute revealed that the detected temperature of the spinneret was in a range of
185-206 °C. However, the high rotational speed caused the temperature toward the
target temperature slower than the low rotational speed. The suitable temperature
for the spinning process was the temperature after 2 minutes for the heat was

transferred all the spinneret.

Rheological testing and spinning testing.

Polylactic acid 3052D and L130 could not spin under the same condition
(1800 rpm and 190 °C). These polymers were changed to the blend of Polylactic acid
3052D and synthesis PLA with a ratio of 80/20%wt and 50/50% that the viscosity was
decreased and flown out of the spinneret. After that, the polymer blend could spin
into fiber thus the viscosity was investigated by the DMA technique with temperature

scan mode, 170-200 °C with a rate of 1.5 °C/minute as shown in Fig. 39.
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Fig. 39 The viscosity of Polylactic acid blend at various temperature.

When the viscosity is known at each temperature, another important factor is
the time of spinning. When Polylactic acid gets more heat, the viscosity was lowered
because Polylactic acid was degraded by higher temperature in the range 190-230 °C.
Finally, the viscosity decreases with increasing time, which was followed by the DMA
test using constant temperatures 190 and 200 °C then the viscosity was investigated
by the DMA technique with time scan mode for 30 minutes at constants temperature
190 and 200 200 °C. The result as the viscosity decreased as time increased as
Polylactic acid received higher energy because of the heat energy within the polymer
chain, making chains easy to move. For the ratio of 50/50%wt of polymer blend, the
viscosity after 10 minutes of spinning stayed the same because the viscosity was in
the terminal zone Which the viscosity changes very small as shown in Fig. 40 and

Table. 5.
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Fig. 40 Viscosity of Polylactic acid blend at various time.

Table. 5 Viscosity of Polylactic acid and polymer blend for 30 minutes

Viscosity (Pa s)

Temperature
Formula
(C) Tmin  5min- 10min- 15 min 20 min 25 min 30 min
190 866 751 . 625 526 462 415 381
3052D
200 745 584 480 406 350 306 268
3052D/Synthesis 190 813 579 451 38.4 34.1 31.1 29.0
PLA 80/20 200 654 405 295 20.1 21.0 19.0 17.5
3052D/Synthesis 190 706 428 229 1.87 1.74 1.54 1.54
PLA 50/50 200 408 171 1.06 0.79 0.83 0.66 0.63
190 N/A  NA  N/A N/A N/A N/A N/A
Synthesis PLA
200 N/A  NA  N/A N/A N/A N/A N/A
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After the improvement of the spinneret according to Fig. 35 and the viscosity
of Polylactic acid was investigated. The next stage was the fiber spinning test with a
condition; 200 °C and 2500 rpm and 5 ¢ of polymer. The samples were collected
every 2 minutes for 10 minutes. According to the test, the average fiber diameter of
Polylactic acid blend with a ratio of 80/20%wt and 50/50%wt were similar to that
shown in Table. 6. However, the fiber diameter distribution was different. The fiber
diameter distribution of 80/20%wt are broader than 50/50%wt due to the higher
viscosity of 80/20%wt (the viscosity in the range of 1-10 minutes at 200 °C was 30-80
Pa-s) compared to 50/50%wt (the viscosity in the range of 1-10 minutes at 200 °C
was 1-5 Pa-s) as shown in Fig. 40, affecting the large sizes of fibers fiber diameter and
broad distribution. As a result, the SD value was in a broad range. On the other hand,
the lower viscosity affected the uniform spun fiber diameters, causing a narrow SD
value. Therefore, the viscosity was an important factor for the fiber spinning. The
suitable viscosity for spinning is 1-30 Pa-s. The fiber of Polylactic acid blend with a

ratio of 80/20%wt and 50/50%wt and the summary of fiber diameter are shown in §U

7l 41 and Table. 6. The fiber diameter was stable after spinning for 4 minutes.
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Fig. 41 SEM image of Polylactic acid blend of 3052D and synthesis PLA and a fiber
diameter distribution, 80/20%wt (a) Wag 50/50%wt (b).
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Table. 6 Average fiber diameter of Polylactic acid blend of 3052D and synthesis PLA
with a ratio of 80/20%wt and 50/50%wt.

Time of | 3052D/Syn PLA; 80/20%wt 3052D/Syn PLA; 50/50%wt
Process  Average fiber Standard Average fiber Standard
(Min)  diameter (um) deviation diameter (um) deviation

2 353 30.9 21.7 12.0

4 29.0 13.2 23.0 6.6

6 26.8 21.4 28.8 12.5

8 259 16.0 24.5 5.7

10 25.9 11.0 24.0 7.6

Effect of molecular weight on Polylactic acid fiber spinning

Polylactic acid blend with a ratio of 80/20%wt, Synthesis PLA resin, Polylactic
acid 3052D resin was studied. The fiber of Polylactic acid ‘blend with a ratio of
80/20%wt between 2 and 10 minutes were collected for the molecular weight
analysis using GPC. The results are summarized in Table. 7 and Fig. 42. The molecular
weight distribution wasa normal and bimodal curve. The molecular weight
distribution of Polylactic acid 3052D was a normal distribution curve with an average
molecular weight of 84162 Da. On the other hand, synthesis PLA molecular weight
distribution showed a bimodal curve, where two average molecular weights with
8141 Da and 17695 Da were observed. The molecular weight results of synthesis PLA
revealed the mixture of the large molecular weights and low molecular weights
fractions. When Polylactic acid 3052D 80%wt, and synthesis PLA 20%wt were mixed,
the molecular weight distribution was a mono modal curve due to the effect of large
molecular weight of 3052D, which could dominate the effect of little molecular

weight of synthesis PLA. As a result, the molecular weight distribution was a normal
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mono modal curve and the average molecular weight was reduced to 54626 Da
because the synthesis PLA acted the plasticizer of the polymer blend, the large
molecular weight was reduced and increased the among of little polymer chains and
the degradation of the polymer after mixing in the internal mixer for 10 minutes and

the spinning process of the RJS machine together.

Polylactic acid blend between 3052D and synthesis PLA with a ratio of
80/020%wt was spun at 2 and 10 minutes. The fibers were collected for the
molecular weight analysis by GPC. The molecular weights was decreased and the
molecular weight distribution was a bimodal curve because the large molecular
weight distribution was reduced as the lower molecular weights was increased by the
possible degradation during the spinning process. However, the molecular weight of
Polylactic acid fiber at 2 and 10 minutes was similar compared to those of the
polymer compound (before spinning) and the spun fibers at 2 minutes. Therefore,
the temperature factor affected the molecular weight more than the time factor,
Moreover, a large molecular weight of Polylactic acid 3052D affected the fiber
spinning process. This was also shown in Fig. 35.

2

18 4
16 4
14 4
= Synthesis PLA

= 3052D/Synthesis PLA

= PLA 3052D

=== Fiber 3052D/Synthesis 80/20,2 min
= Fiber 3052D/Synthesis 80/20,10 min

12 4

1

dwt/d(logM)

08 -+

06 +

04 +

02 +

100000 10000 1000
Slice log MW (daltons)

Fig. 42 Molecular weight of Polylactic acid 3052D, synthesis PLA, 3052D/synthesis PLA
80/20%wt, and fiber of 3052D/Synthesis PLA 80/20%wt spun 2 and 10 minutes.
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Table. 7 Molecular weight of Polylactic acid before and after spinning fiber

Molecular
Samples weight (Mw)  Polydispersity Distribution
(Daltons)
Polylactic acid 3052D 84162 1.79 Normal
Polylactic acid
3052D/synthesis PLA blend 54626 1.36 Normal
with a ratio 80/20%wt
Synthesis PLA 8141 1.30 Bimodal
The fiber of 3052D/Syn PLA
with a ratio of 80/20%wt, 2 41813 1.79 Bimodal
minutes
The fiber of 3052D/Syn PLA
with a ratio of 80/20%wt, 10 39466 1.78 Bimodal
minutes

Calculation of a flow rate, pressure, the velocity of polymer jet, and fiber
diameter

In this experiment,5 ¢ of 50/50%wt of 3052D/synthesis PLA was spun with a
condition, 2500 rpm ann 200 °C on. the spinneret is shown in Fig. 35. The calculations
on this topic are based on the assumption that the molten polymer is a Newtonian

liquid.
A flow rate and pressure

Tr*AP

8uL

From the second equation of flow rate, Q = . Where the variable

used for calculations has the following values

The radius of a capillary (r) = 0.0003 m.



107

The viscosity (u) =4 Pas

The length of a capillary (L) =0.01m

The pressure (AP) plw?R

The density (p) 1116 kg/m? (190 °C)

The angular velocity (w)

rom-1/30 = 261 rad/s (2500 rpm)
The radius of the spinneret (R)= 0.0625 m.

The thickness of molten polymer in the spinneret ()= 0.0015 m.
The pressure (AP) is equal to 7170 Pa.

Therefore, the theoretical flow rate (Q) is equal to 5.70x10-10 m3/s. The
calculated flow rate is the flow rate in only one capillary pipe but in this research,

there are 4 pipes, thus the flow rate is 2.28x10° m®/s.

The flow rate obtained from the experiment started by measuring the mass
flow rate of the fibers spinning on the above conditions. The mass flow rate on the
experiment is 5.¢/ 10 minutes or 8.33x10°° kg/s or 7.47x10° m®/s and the flow rate

of one capillary is 1.86x10”° m?/s.

The flow rate of experimental and theory are 3.2 times different due to the
experiment, the molten polymer could flow from the spinneret in another area
which the theory, the molten could flow from the capillary only moreover, the
variable to be calculated was an error: the thickness of molten polymer in the
spinneret (1) is an average thickness of the molten polymer that was constant but in
the real process, the thickness changes over time. The density (p) of calculation is
the density at a temperature of 190 °C due to the density at a temperature of 200 °C
could not investigate by melt flow indexer due to the leakage of molten polymer
from the cylinder. Therefore, the density value must be tested and taken at 190 ° C.

The tachometer was measured the rotational speed by infrared which could occur
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the discrepancy of the instrument. Moreover, Polylactic leakage during fiber spinning
resulted in a 3.2 times difference in the flow rate between the experiments and

theoretical calculations.
Fiber pulling velocity

The polymer jet flowed out from the spinneret, it was stretch by the
spinneret with the velocity that could calculate by equation 8. The stretched
polymer jet is assumed that the flow rate at a capillary and the polymer jet flow rate

are the same across the line. The area variables are shown in Table. 6.

From equation 8 Aexuex = Afo, we can calculate the pulling velocity

of the obtained Polylactic acid fibers by substituting the following variables.

The exit velocity of the polymer jet (ue,) calculate from the one capillary flow

rate equation
Uex = Q/Aex
Cross-section area of a capillary (Ay) = nre? = 9.00x10% m?
The flow rate from one experiment pipe is 1 .8 6 x10° m®/s which the

experiment velocity is U = 0.006 m/s.

The cross-section area of a fiber (Ay) = The average experiment fiber diameter

is 25.9 um from Table. 6 that is 1.67x10™°TU m? which substitute this area in equation

8, the pulling velocity is obtained;

~9.00x 107
Y =167 x10-101

ur = 3.54m/s

X 0.006

The pulling velocity is 3.54 m/s but in the real polymer, the effect of viscosity
affects the flow rate in a capillary pipe. Therefore, the viscosity factor is according to

second law of Newton's law of motion and it is according to elongation viscosity.
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Combining these two concepts, an equation with which the viscosity factor is

involved is:
AA lns—efx = %th(uf — Uy ) (6)

From the experimental observation, it was found that the polymer jet ejected
from the spinneret more than 3 centimeters, the polymer jet became the solid fiber.
This could calculate the length of time the fibers remain in a molten state from the

equation; S=vt which time is 5 second. The velocity can then be determined as

following;
The elongation viscosity (A) =12 Pass
The cross-section a capillary (A) = 2.28x10" m?
The exit velocity (Ugy) = 0.006 m/s
The one capillary mass flow rate (Q,,) =2.08x10°® kg/s
The molten time of the polymer jet =5

The pulling velocity that the viscosity factor is involved (uy) is equal to 4.21

m/s.

The pulling velocity with. viscosity factor is less than the pulling velocity
based on the assumption Newtonian liquid because the viscosity resists the flow of

the molten polymer.

Moreover, the exit velocity (ue,) and the pulling velocity (uf) could calculate

the polymer jet diameter that the viscosity factor is involved as following equation 9

uex

Us

r = 0.0003 /M
4.21

r=11.8um

T = Tex
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The polymer jet diameter is 23.6 um. The calculated polymer jet diameter
and the experiment fiber diameter are similar. The inaccuracies that can occur during
research such as measurement errors and non-instrumental observations with

precision in the investigation are possible.

Moreover, the Re number could calculate. The Re number indicates the flow

behavior of the molten polymer in a capillary as the following equation;

_ PUexD
U

The density of Polylactic acid (@) = 1116 kg/m?> (190 °C)

Re

The exit velocity of Polylactic acid (Ugy) = 0.006 m/s
The diameter of a capillary (D) =0.0006 m.
The viscosity of Polylactic acid () =4 Pas
The Re is equal to 0.0011, the flow in a capillary pipe is laminar.

Moreover, the shear rate in a capillary pipe could calculate as the following

equation;
4
V= IRe
The one capillary flow rate (Q) = 1.86x10°7 m*/s
The radius of a capillary (r) = 0.0003 m

The shear rate is equal to 88 1/s

After improving the Rotational jet spinning (RJS) machine and testing
the performance of the universal motor and heating of the RJS, all

parameters were summarized in Table. 8.
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Table. 8 Summary of variables for the spinning process by RJS machine.

Experimental flow rate Q = 1.86x10° m®/s * | Theoretical flow rate Q = 5.70x10° m®/s *

Experimental exit velocity ue, = 0.006 m/s | Pulling velocity us = 4.21 m/s

Calculated fiber diameter = 23.6 um Experiment fiber diameter = 25.90 um

Shear rate = 88 1/s Re number = 0.0011

*calculated from one capillary channel

The main reason that the spinneret in Fig. 35 could spin Polylactic acid 3052D
and L130 due to a sensor malfunction because the sensor installed under the
spinneret has a lot of exposure to the outside which the sensor had a high heat
transfer at the sensor area. The temperature control system supplied a greater
amount of electricity to regulate the setpoint temperature. The actual temperature
was higher than the measured temperature. Therefore, the spinning of Polylactic acid
fiber with the spinneret in Fig. 24 and Fig. 35 could spin Polylactic acid fibers. The
spinneret had a deep groove inside the spinneret that prevented the spinning of
both grades of Polylactic acid . After the improvement, the slip ring formed a
pancake slip ring as in ‘gﬂ‘ﬁ 32, the temperature problem was solved because the
sensor was protected by a slip ring which also reduced the heat transfer at the
sensor area. Moreover, the problem of grooving within the spinneret was also made
by turning out the angular part to simplify the flow path of the molten polymer

within the spinneret as shown in Fig. 43.

I \/V_V’\/_ﬁ;““' © = 600 pm
o

Fig. 43 The cross-section of the spinneret was as close as possible to the first version.

The red arrow is the molten polymer pathways.
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From the spinneret in Fig. 4 3, Polylactic acid 3052D could spin with a
condition of 1800 rpm and 190 °C however, a condition of 3000 rpm and 240 °C

could spin and show in Fig. 44

Fig. 44 Polylactic acid 3052D fiber spun with a condition, 3000 rpm, and 240 °C.
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Chapter 5
Conclusions and suggestion

Conclusions

As a result of the improvement and development of the RJS, the maximum
rotational speed without the spinneret is 9476 rpm and the rotational speed with the
spinneret was 3811 rpm. The rotational speed drops to 60% as a result. The RJS was
able to control the temperature at 300 °C, but the vibration was still a problem
when working at high speed. Therefore, the RJS machine had a limit of 3000 rpm for
safety. Moreover, the structure and components need to be suitable and compatible
with RJS. The viscosity, speed, and temperature are important factors for the spinning

of Polylactic acid fibers.

Three types of Polylactic acid (3052D, L130, and Synthesis PLA) were selected
to study the factors of rotational speed and temperature. it was found that
temperature and rotational speed increased the average fiber diameter is decreased.
The rotational speed affects fiber diameter than temperature. The average fiber
diameter from smallest to largest is 5.5-22.30 um with the condition 190 - 230 °C,
rotational speed in the range of 670 — 2800 rpm. The suitable viscosity for polylactic
acid fiber spinning is 5-30 Pa-s. The characteristics of the fibers are the adhesion with
each fibers until the appearance of a mat, which is the characteristic of non-woven

fiber.

Polylactic acid blend of 3052D and synthesis PLA with a ratio of 80/20%wt
and 50/50%wt could spin with a condition of 2500 rpm and 200 °C and it was found
that the average fiber diameter was 25.9 pym, where during the first 4 minutes the

fibers were the largest and gradually decreased as a result of reduced viscosity.

The relative equation of RJS can be found as follows:

nr4AP
8uL

The experiment flow rate in a capillary pipe Q =

The pressure in a capillary AP = plw?R
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The exit velocity of polymer jet Uex = %

The pulling velocity which the viscosity factor is involved

u 1
A4 lnu—f = Oty — tex)

ex

The diameter of the polymer jet :—t - %
ex f

From the theoretical calculations and the experimental, it was found that the
values were consistent and there was not much difference such as the experimental
flow rate (Q) = 1.86x10° m?/s and the theoretical flow rate (Q) = 5.70x10° m?s.
Both flow rates are 3.2 times different. The pulling velocity based on the assumption
that the molten polymer is a Newtonian liquid and the pulling velocity that the
viscosity factor is involved in are 3.4 -m/s and 4.21 m/s, respectively. The
corresponding value is that viscosity is a fiber elongation resistance in RJS, resulting in
velocity with a factor of viscosity lower than the pulling velocity fiber under
Newtonian viscosity fluid. The polymer jet diameter is calculated that 23.6 um which

the calculated diameter is similar to the experiment fiber diameter.

For the spinning of fibers with different molecular weights, it was found that
the molecular weight affected the spinning of fibers which low molecular weight
polymers are directly proportional to-their viscosity. In another word, high viscosity
polymers, spun fibers diameter are larger than low viscosity polymers, including the
fiber diameter distribution and the molecular weight after fiber spinning was reduced

due to polymer degradation.

Suggestions

Rotational jet spinning (RJS) in the fiber spinning process requires polymer
rheological factors including the viscosity and the adjustment factors for the RIS
production conditions, the rotational speed and temperature. Moreover, a capillary
diameter is much involved. It is therefore important to be able to prepare nonwoven

Polylactic acid fibers or mats with the improved rotational jet spinning machine.



1.

115

The RJS machine must have install the high-speed camera for detection of
the polymer jet and calculation the velocity and the fiber diameter are more
accurate.

The RJS must require an expert mechanical engineer for improvement for the
safety of the user and the stability of the RJS machine to be able to produce
fibers and experiment repeatedly.

RJS machine can improve into a continuous filament machine to enter the

future polymer fiber industry.
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- EME | 3000403 | AT | 0800 1863544 60000 | N
=} 243 | 391608 | #4756 | 96019 | 1855431 61.000 | N0
-3 E141 | 39706852 | 18767 | 98019 1867025 62000 | N
BO41 | 3905289 | 1A77S | 98019 1.885831 63.000 | N
&8 o1 | 1500576 | ATEO | 9801 1863116 64000 | N
=3 TH4Z | 3854453 | $AB00 | 95019 | 185585 Ba.000 | N0
-3 T745 | 3589001 | TA.E12 | 98010 18517701 66.000 | D
& TH4B | 1583534 | AR | 9801 1BL83T 67.000 | N
=] TS50 | AATE021 | $AEM4 | SA0M9 | 1B33H 6A.000 | N0
- 7455 | 387465 | 18846 | 98010 1818871 69.000 | N
™ T360 | 1566561 | A.BST | 980 1803286 TOL000 | No
Ll 7265 | 1861211 #4859 | %6019 |  17ESE01 T1.000 | N
k3 T168 | 1555458 | TA.8E1 | 9A0M 1765588 T2.000 | N>
I TOT4 | 1540650 | $ABSS | 95019 17677 TA000 | No
) 6979 | 1543799 | 18905 | 98019 | 1TIPEE TALOD | N
Il 6854 | JA37E36 | 18017 | 9809 1690847 TR000 [ ND
™ 6788 | 3531720 | 5929 | 98019 165071 TELOOD | No
mw 6551 | JERSS0T | 1942 | 95019 | 16270 TT.000 (N
n 6504 | 3519150 | 18055 | 9809 150180 TRO00 [ ND
bl 6406 | 3512668 | 18.058 | 98019 1594172 T9.000 [ ND
0 B30T | 3505960 | 8982 | 98019 1513564 BOL00D | Mo
B 6207 | 3790101 | 18.096 | 98013 |  1.480860 B1.000 | Mo
& 6194 | 3701905 | 19,011 98019 142382 E2.000 | N>

Report Method: Broad Unknonn Relative:

Page: 40f5

Pirtec ZA22504
155228 AsisBerghck
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Postheme rom Bbreere2
Reportedby User.  Breeoe user (Breece) HELC System
Relafive Distribution Table
Mp: 8079 Name: 2
e
P - Y o =

& | 0| arsess| 1| seos| 1wes|  som|w

el 5364 | 3777008 | 19.041 | 95019 1322000 84000 | N0

e | sors | amesoss | 1907 | seons| 12s78|  esoo0| %o

% 5764 | 3760708 | 19.074 | 95019 120536 85000 | N

& | o |arsws| taoe|seon| 1| eom|

& 5529 | 3742661 | 19.111 98019 1082533 83,000 | N0

DG EE R

« 575 | A72240 | 19152 95019 | Q94545 90.000 | No

[t swe|arioner| | seom| osss|  sio|w

< 4903 | 3556404 | 19200 | 98019 |  QTUTSES 2000 | N

BEEEEAEEEEER

= 4570 | 3660300 | 19258 | 98019 | Q6XTI0 24000 | N

B E AR

BRI EERA RS %6000 | N0

o7 | aos0|3sones | 13| o] 3wt 97.000 [ Ao

® | 37|25t | maz|som| oo 98000 | %o

| 3| s | woe|ws| oxmo|  wm|w

100 2675 | 3407262 | 19733 | 95019 |  Q01223% 100.000 | No
Fepart Methoct rcad Unknown Relative Pirtect 2322564

Page: 505 155228 Asia/Banghck
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3052D/Synthesis PLA 80/20

Prettere rom Bbreere 2

FeroriedbyUbsr  Bresse (ser (Brescs) HPLC System
SAMPLE INFORMATION

Sample Namer PLA /Sy 8020 Aoqined By: [

Sample Type: Broad Unknown Dete Acquired: AP 121536 ICT

id: TAS Aog. Method PS method

jection# 1 Dste Processadt AP 15510 ICT

Irjection Vdume: 100.00u Chernel MNeme: 410

RunTime: 30.00 Mirutes ‘Cherned Desc.:

Calunm Type: ‘Sample Set Name: MNom23 02 2000

5000

00

300

H

20000

1oono] -
8
&
.

R R i 7 Sl = Sl mm s n o s A I
Mrutes

Broad Unknown Relafive Peak Table
Dabdn | W | Me | R | b | Mt
Mae | atons) | (ceBcrs) | (st | (Dators) | (matons) | POYTPESEY | MEMAY | MEFUMY

1] IEEEEEEEE

Fepart Methoct Eroed Lrknown Reltive: Frintect 2322564
Psge: 1af5

16:01:18 AsiaBanghok



nem

Repotedbylber  Breee user Breszs)

5 NB:reeze 2

€ System

o] ?j 10000
=
1207 -
F oo
o]
j e 1
I o 5
o]
oo
o]
o] tam
sk sk & o) &
SceLoghw
Relafive Distribution Table
p: 54064 Hame: 1
E BN el J—— | o=
oatrs)| g | 0| res e JEre
D EE E S 1000 e
2 | 1o | stoes | 50w | ama | azmont 200 [
3 | amma | s | s | e | camsm| x|
o | ez | sreert | s | e | nema]  ao|me
I EE D
B EE D
7| 1| soem | | | owmm| o |me
B EE EEEEE D
B EEEEEEEEEEED
NG E D
| 1| soeeE | e | m| EmwT| 10|
G EE R EEEEEEEIR
HEEEE E EEEEEED
D EEE R
Report Method: Broad Unknown Redative Frintect 2322554
Page: 205 1801:18 AsisBargiok
Pretteme o Bbreere2
oyl Brecee e () HELE System
Relative Distribution Table
M- 54064 Narme: 1
aewy| me | X | g | omee
(Cotons) | Loghav m" g | MOHRGMY | Cumdales | L
5| t0rr7s| s | et | me| oomm|  mow|no
| smr|dme| ma| me| omme]  mon|w
7| | amem | wmes| w0 oama|  mod|no
| onz|amers| mes|me| imws|  mon|e
O E D
A S EE I EEED
BEEEE EEEEEEE R
2| | asen | e | | Lieaz| 20|
HEEEE LR
A EEE AR
HEEE G EE R
ARG E SR
z [Fr= T
= Em| =
) ome|  am|w
E) EOECD
31| 7oz |amr | e[| mmm| som|e
HEEEEEEETEEE D
3| TEs|ams| wE | = 0| @
A E I EEE D
= | eerz|4mmn| wom| w0 Em| &G0
B EE IR
7| em|amsn | wont | me| AR om0
A E =R
| oo |amam | med| w0 tenmm| @[
| oov|amews| meiz| me| LeED| Ao
31| v |aveesa| mew | mw| eS| SO0
| emie| 47| mem| 0| ASER| @00
oY I o= ] =] =) T
1| eor| a7 | meat| | Ammm| M0N0
5| mo| 47w | e | me| asEm| a0
% | | avesm | e | m| | s
o7 | am0| avsmm | e o[ smei|  @om|e
| | amnm| mow|me| tees| @
Report Methodt Broad Unknown Relative: Printedt 232/2564
Page: 30f5 180112 AcieBanghok
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55 eeze'?

Frismtbre ram :
oyl Eremom s () HELC System
Relative Distribution Table:
M 54054 Mo 1
aewy| me | 32 | | ome
(Cotons) | Loghay W res | OGN | it | Ly
A R D
S| S| e | wes| m| mmn| | mod|w
BEEEE EEEEE R
| s armem| mon | men| rem|  mon|ne
S| s |ames| ot men| tesm|  smo|o
AEEEE EE R R
HEE S E RS D
S| | amelm| Tom | ESN0| 1| MO0
HEEEEE EEEEECER
A EEREE D
AR
AL EE EREEE R
AR EEEE D
AL EEEEEEE R
| oo |asem | e me| mm|  mon|we
6| com|asem| mim|mw| mem| s
A EE R
| om|imum| ros|me| | mo|e
| cwm| e | vae | m| | w0
A E R
| oo|isom| roe|mw| mEm| oo
| = |amun| v | m| 1mes| oo
HEEEE E EEE R
72| | aseas| mam|men| imem| oo
3| wem|asEm| vam|mea| 1Zem| Ao
AEEEEE R R
HEEIEEEIEEE D
HEEEE R
HEE L EEE R
HEEEEE R
7| s amim | mas [ men| osnm|  mon|e
| | aswms| vas|m| 1zsn| o
AEE EE N EEEE R
| svm| s | mas|men| mom|  mo|we
Report Mot Eroad Lnknown Felste Prirtect 2322554
Page: 4af5 18.01:18 AsiaBanhok
Prostters rom BBreeze 2
Fomerty s e e ) HPLE System
Relative Distribution Table
Mip: 54054 Narme: 1
I S Qe
(Daters) | Logaay "?";" g | UG | e
AL G E D
o | zem|aoma| mem [ mw| mme|  mo|w
A E D
o | oero| aeme| 7o | w0 0sWn|  mO0 |0
o | zrriz| cetmes| e | men| amem|  mon e
N E D
| 2| <ome| movE| me| ameEs|  mon |
AEEEE DD
A E D
A EEE EEEE D
AR D
o =T PR ) o) T R
AEEEE R E DD
HEEEEEE D
7 | s | ez | o || neimm| mom|we
A E IR
| eem0| ezom | e | nzmm| mon|we
Too| 1330|116 wmov | B0 | ooimm|  do0om | w

Report Method: Broad Urknown Relative:

Page: 5of5

Printect 2322564
18:01: 18 AsiaBanghck.
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3052D/Synthesis PLA 80/20 fiber 2 11l

Project Name:

rom
Repotedby User  Brecce ser (Breeze)

5 Breeze 2

HPLC System

SAMPLE INFORMATION
Senple Neme: 2 mMnS0Z0 fber Acquired By: Bresze
SanpeType Brad Urinown Dete Acqiret 2Lt 1327 ICT
Via: A8 Acq Nethat PS methad
hectin®: 1 DeteProcesset 292221 16RBKCT
hetnVdume 100004 Crams! Name: 410
RnTime 000Mntes Crems! Desc:
CdumType SepleSethame  Nom23 (2 2020
Eroad Unknown Relative Chramatogram
000
s000.04
s000]
200
H
300004
2000
°
10000] 2
B
2
) =
20 abo | &0 &l 000 2w 100 1800 180 2000 2w 240 2w 2600 N0
Mrutes
rable
Daban| W | W | AP | te | test
e | utors) | coore | (trs) | o) | s | AP | AR | st
7 BRI RS

Report Methoct Broad Unknown Relatie

Page: 10of5

Plirtec 2920256%
1557:52 AsialBargkck

€ System

5 Breeze 2

ntkdfogh)

Cumudsive %

e
o o o e e
1 152164 | 5182313 | 19572 161830 | QUIB0ET 1.000 | N
2| 137701 | 51389036 | 16088 | 161630 | Q270884 2000 | N
3| 127919 | S06933 | 642 | 61530 | Q34206 3000 | N
4 | 120375 | S.080535| 16201 | 161830 | Q404555 4000 M
5 | 114008 | S.0STES6 | 16252 | 161830 | (Q.459963 5000 | N
6 | 108953 | S.037261| 16.299 | 161830 | QL.SO9408 B.000 | N
T | 104356 | 5010640 | 16340 161830| Q5B 7.000 | Mo
& | 100318 | SO0 | 16379 | 161830 | @.S86eS1 a000 | N
L] 9665 | 4.985228 | 16.416 | 161530 2.000 | N
o 3334 | 4950004 | 16.450 | 161830 10.000 | N
n 90065 | 4.955523 | 16483 | 161830 | QMBI 11000 | N
12| O3 | 454980 a5 161830( Q76N 12000 | N
k=] B4R | A20RM06 | 16544 | 161530 QTESRE 13000 | Mo
" B23M3 | 4975608 | 16573 | 161830 | Q.7EeEE 4000 | N

Report Methodt Broad Unknown Relative

Page: 20f5

Frintedt 2322564
155752 AsisBanghok.
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Freject Mame: rem eeze
Pt s Bremee s (o) € System
Relative Distribution Table
Mp: Mame:
aewy| me | 3| g | ome
(Cotons) | Loghay W Areg [ OGN | Comdhet |y
5| moor| | e | | aswme|  mon|ne
| 7res| ame| mez || Qsemn|  mON|N
7| 7oz | asmes | et | om| amem| | mom|Mo
B | Temz|ammim| mers| 0| ses| Mmoo
8| 7o | ame| rs | En| asse| Moo
| 70| ABEX0| 678 | 60| QSES| oMo
21| e |ammse| wrm| 0| Qsens| 21000 |Me
2| | amsEn | 7| EN0| Qsesm| 20|
AEEEE ECEEEE R
AR EEEEE R
HEEE EEEEEE R
B EEEE R
HEEEE R EEEEEEED
HE AR
BEEEEEIEE EEE
HEE . EEEEEEE D
31| s | armn | e | 0| ioems|  aom|ne
| S| amme| wew || imms|  Zo|w
HEEE D
0| sum| aroom| mow || moar|  so|re
| som|amow| vos | wE0| | s
R R EEEE D
HEEEEE G D
| oo| s M| 0| ineme|  @m0|e
B E EEES R
A EEE R
AR R EEE R
2| ooz|dmes| S| 6E0| N8| 2|0
AL EEE R
AR R
5| oo s o[ wm| ewm|  so|we
% | m|amons| vz wen| Leme|  sw|w
HESEEE E GRS D
| wsm|amen| man| 0| nems| s
Report Mot Eroad Lnknown Felste Prirtect 2322554
Page: 3af5 155752 AsiafBenghok
Fosteme o Bbreeze 2
Feparteciby User: Brecoe Leer (Breeze) € System
Relative Disiribution Table
Mp: 40740 Hame: 2
scea| e | 3 | g Qe
(Cetore) | Loghav V:’";'E ares | RGN | QUS| ey
AEL R D
HEE R D
51| s |asmm| o wEm| | siod|e
| = || vam|wEm| L] =om|e
HEE R EE D
AR EEEEE R R
HEE EEEEE LD
S| o |4sim| ;ant| miEm| loeene | mox|ne
HEGE GG
A EREEEE R
AR EEE R
A EE R R
A R EEREE R
AR EE R
HEEE R E SR
AEE I EEEE D
3 Lo | meet | wiE| 00mnt|  Gom| N
AEE SR
HEC R I D
| 2um|imenr| mom|wem| omm|  mon|e
| 24 |ame| o miEN| sww| 00|
| 2o |awmz| o wEN| osrmo| Mo
HEE L EEE D
B EEE R
HEE S EEEEEE R
| 2vm | dxem| ;mae| miEm| omiem| 0| he
HEE G EEE LD
HEEE EEE R
N S E SR
B EEE R
7| reem |4z | s mem | ommsm|  mom|e
0| e |4z | mos|wen| omes|  mom|w
51| |z | mo| wem| oss|  mow|e
A EEEEED

Report Method: Broad Lnknown Relative

Page: 405

Prirtedt 27272584
155752 AsiaBanghak
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Fristheme ram 5Beeze'2

Ferotedbylser  Breers user Breems) HPLE $ystem

Relative Distribution Table
Mp: 40710 Hame: 2
aewy| me | 3| g | ome
(Cotons) | Loghay W Areg [ SORGY | i |y
| tooss|amem| m || amemz|  mo|e
A EEESEEED
A R
o | 1| ammo| o | | ames|  mon|e
7| toeos| avmem| e || osnaw| 0|0
| 13| 4101 3N | 60| QMBDS| 0|80
ARG EE AR
@ | 17| A0S | AE | ED| QeEE| S|
51| ti0Be| A0MGET| A | 60| 04| BIO0D| Mo
A EEE R
@ o | i) mEE | ED| QFE| @D
A I EEEE R
HEEEEEE EEE R
| 7o | aaan| e | 0| Q02| 00|
o7 | | ames| mem || amew|  mom|we
| e | amoe| e || azem| | oo
®|  =o|ames| moe| wED| GsEr|  moo|o
B D
Report Mot Eroad Lnknown Felste Prirtect 2322554

Page: 50of5 15:57:52 AsialBanghok



3052D/Synthesis PLA 80/20 fiber 10 w1

- 5Eree

Repatedby Ussr  Bresoe Lser (Breszs)

ze Fl

yitem

SAMPLE |INFORMATION
Sarple Nemer 10 mrinB0E0 fber AcqirdBy: Bresze
Sample Type: Broad Likroan Dese Aot AR 1T B0 ICT
il AT Acq Method PS method
Ijection# 1 Dste Procassad BAAR1 1518 ICT
recionVoume 10000d Cramel Namex 410
RnTime 2000Mntss Crermel Desc:
Celurm Type: SenpleSetheme hom23 (2 2000

To00.04
6000.04
0000
4000.0
H
3000.07
2000.0
-
tooa0] 2
5
—t
poy i)
T T T e ]
Mruis
Brood Unknowe Felsfive Peak Table:
Distriouion M L] L M e+l
rame | (ooton) | presor | (ostons | qoutor | (oaeny | PACKSPE [ MM MR
1l | 2| swe| ames| ewo| mme| 7eee0 | 159608 | 20|
Fepert Mt Brcend Lk Feste Printet 29202504
Page: 1of5 15:58:48 AsisBanghok
Pthme rom Bbreee 2
WELE System

% |
H 3
axe
Vidume
i
1 147254 | 5168057 | $6.004 | 170420 QT 1.000 | Mo
2 132380 | 5124583 | #6008 | 170420 025585 2000 | Mo
3 122531 | SOBE244 | 6054 | 170420 k- 3000 | Mo
4 115042 | S.O0608SE | 16,245 | 170420 03005 4000 | Mo
5 0854E | SOST219 | #6290 | 170420 0445085 5000 | Mo
L3 103804 | SOHE215 | 96,346 | 170420 0405855 E000 | Mo
T 98335 | 4907101 | #6350 | 170420 0541308 7000 | Mo
8 5T | 4970442 | 16420 | 170420 ssxee 8000 | Mo
o 1820 | 962938 | 16.456 | 170420 szxe 2000 | Mo
0 53504 | ASMTU0E | #6501 | 10420 0E5ETE 0000 | Mo
1 55637 | ASE06E3 | #6534 | 170420 0EEXET 11.00C | Mo
12 52007 | 4918550 | 96,556 | 170420 OT2ES 12000 | Mo
13 50371 | 4905100 | $6.586 | 170420 oTsEs 13000 | Mo
" TEO0MR | 4892107 | 16.626 | 170420 ATBEE 14000 [ Mo
Feport Mefhod Broad Unknown Relstie Prirted  2Y22564

Page: 2of5 155848 AsiaBarghck
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5 Breeze 2

Postleme  ram
Feprted by User: [ — HPLC System
Relative Distribution Table:
Emm:z
tostons) | gy | TUE| v Gt
R TSITE | 4879543 | 16654 | 170420 | 0.EOEIN TA000 | N
% TI6E3 | 4867370 | 6651 | 170420 | QEIMI 6000 | N
w TI705 | 4855556 | 1608 | 170420 | QLESTHT 17.000 | N
8 BCE2E | 4548007 | 1673 | 170420 | QLETOSES HA.000 | N
" BB045 | 45308503 | 16750 | 170420 | QLSO0ME0 000 | N
o 65344 | 4520805 | 6754 | 170420 | QLSO00EZ 20000 | Mo
a 64723 | 4511060 | 16805 | 170420 | Q040186 21.000 | N
z 63160 | 4500505 | 6B | 170420 |  0.G5858T 22000 | N0
F-] 61681 | 470153 | 96855 | 170420 | O.G7SHGE 23000 | N
- 60252 | 477957 | 6675 | 170420 | 0.0G0BM 34000 | ho
E- SB676 | A76AE06 | 16.000 | 170420 1.007688 25.000 | ho
E-3 57553 | AT6006T | 16.922 | 170420 1.022198 26.000 | ho
= SEI7S | ATSO319 | 6544 | 170420 1.035868 27000 | ho
-] SS5041 | 4740687 | 16.056 | 170420 1.048maL 28000 | N0
-] 53840 | ATIIT6| 96087 | 170420 1.060854 29000 | N0
k) 52695 | ATZ7E6 | 17008 | 170420 1.072186 30.000 | o
E 51576 | 471284 | 17000 | 170420 1.087741 31.000 | N
2 50430 | 470303 | 17050 | 170420 1003488 32000 | N
k= 48435 | 4684047 | 17070 | 170420 1101340 33.000 | N
£ 48312 | 4684555 | 17050 | 170420 1.105305 34000 | N
E a6 ) AeTsEE | 7| 1Te0 1116544 35000 | N
* 45445 | 46667 | 17131 | 17e20 1.122647 36.000 | N
I &340 | 4558000 | 17151 | 1TTO420 | 11281 Fo00 | N
k3 4576 | 4543104 | 77T | 170420 | 19339 3000 | N
E-] CETE | 4540042 | 17190 | TPO420 | 1937641 .000 | Mo
e A2796 | 463M06 | 17210 | 170420 1141200 20.000 | Mo
a1 41936 | 462252 | 17230 | 170420 1.4 41.000 | Mo
2 41095 ) 4613794 | 17240 | 170420 1.146080 42000 | Mo
=) 40272 ) 4605007 | 17260 | 170420 1R 43000 | Mo
“ 30466 | 4506204 | 17.288 | 170420 1.3 44000 | Mo
£ 676 | 4SETAE | 1706 | 1420 | 1947436 45000 (N0
% 3700 | ASTES4D| 17237 | 170420 | 1.046E4 4000 N0
4 ITD| 45E0S4E | 17347 | TTO420 1945074 £7.000 Mo
4 36394 | 4561028 | 17.367 | 170420 1142088 42000 | MO
Report Method: Broad Unknown Relative Printect 23722564
Page: 3of5 155848 AsisBarghck
Frtheme  ram Bbrece?
Feotedby s Breme e (Bresm) HPLE System
Relative Distribution Table:
Mp: 37883 Name: 2
wemy| me | = | e sy .| ase
ostons) | Logha | | e R |
48 35661 | 4552188 | 17.386 | TR0 11ae 29000 | No
=0 4040 | AS4EI4 | 705 | TROA0 | 193047 000 | Mo
5 §1.000 | N0
=2 52000 | N0
=3 G000 | Mo
£l 54000 | N0
5 55000 | N0
L3 6000 | N
L S7.000 | N
5B 53000 | N0
L] 000 | N
&0 60.000 | N
(3] 61.000 | Ao
-3 2000 | N
(=] G000 | N
& 54000 | Mo
&5 253 | 4403480 | 17744 | 10420 65000 | ho
-3 24740 | 4303406 | 17736 | TAO40 EE000 | N
& 24984 | 43537 TITS | Th0d0 67.000 | Mo
=] 23584 | 4377796 | 17781 | TA0d0 GA000 | ho
-] 23007 | 4362043 | 17.804 | TRO40 000 | N
™ 22985 | 4351505 | 17.828 | TR0 TO.000 | N
iy 2806 | 4340573 | 17.852 | 170420 71000 | N
= 21350 | 4300404 | 17.575 | TAO40 72000 | N0
ke 20797 | 4318010 | 17.901 | TA0420 TA000 | N
T 20046 | 4306320 | 17.906 | 170420 TA000 | N
K 19696 | 4204376 | 17.952 | 17040 TRO00 | N0
T 19147 | 4280000 | 17.979 | 170420 TEO0O | N
m 18556 | 4260456 | $8.006 | 170420 T7.000 | N0
] 15049 | 4255446 | 12034 | TIO40 Q786 TRO0O0 | N
™ 17498 | 4240082 | 18.063 | 170420 oraER 72000 | N0
a0 16045 | 4220037 | 18003 | 170420 [hary 80.000 | N
(] 16380 | 4244563 | 18425 | 170420 0EaM03 81.000 | o
&2 15631 | 4199500 | 18857 | 17040 2000 | N0

Report Method Broad Unknown Redative

Page: 40of5

Prirtec 2322584
155848 AsiaBanghok
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Prect Nome: rom
Fpriecby e Bresce wser (Brescs)
Relative Distibution Table
Mp: 37883 Hame: 2
ke
e e R e
=3 15268 | 4183783 | 18191 | 170420 | 063481 83000 | N0
B 14701 | 4167341 | 15296 | 70430 | QEDSES B4000 | No
-3 14129 | 4150098 | 19263 | 170430 | ASAEE 85000 | N0
L3 13551 | 4130576 | 18301 | 170420 | Q.S47E4S 85.000 | N0
& 12965 | 4112675 18342 | 170420 |  Q.SHENE &.000 | N
L3 12382 | 4092778 | 18385 | 170420 | Q453 88.000 | N0
L] 1782 | 4071578 | 18430 | 170420 | Q46713 28000 | N
@ 1200 | 4043235 | 18477 | 170420 | Q46 90.000 | N
L 10610 | 4025702 | 8597 | 70420 | Q430855 1.000 | ho
L3 10021 | 4000227 | 13579 | 170420 | 0309648 2000 | N0
= S437 | 3974519 | TA633 | TTO20 | Q.37 93,000 | N
S B854 | 3947121 | $A6S1 | TPO420 | 0.35E0M5 4000 | Mo
3 E270 | 391754 | 18753 | 70420 | 0.331008 95.000 | N0
% 7678 | 355E060 | TAMI9 | 17420 | 0.300851 98.000 | N0
o TOS3 | 354acad | TABOM | TROM0 | QL2E2SD 7.000 | N
L3 634 | 1306704 | $A0E3 | TR0 | 0212684 98.000 | N
k] S9E2 | AT4TSE4| 19000 | TPOM20 | QMR 98,000 | N0
100 3857 | ASBGET0| 19417 | 170420 | Q.00ST3 100.000 | N

Bbreeze 2

€ System

Feport Method: Broad Urknown Relative

Page: 505

Printedt 2322564
15:58:48 AsisBanghok.
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The preparation of non-woven polylactic acid (PLA) fibers was carried out by the rotational jet
spinning method. The polymers were melted in a heat chamber and centrifuged with a high speed to
obtain the fbers with the high productivity. The viscosity of polymers was an important factor for the
quality and quantity of the non-woven fiber. In this work. a commercial grade and synthesized PLA were
used to prepare the non-woven fiber. The non-woven PLA fibers were produced at different tempera-
tures of 190=230 =C with rotational speed between 650 and 2800 rpm. The morphology of non-woven
PLA was investigated by scanning electron microscopy. The effect of temperature was investigated by
thermogravimetric analysis (TGA). The non-woven PLA had a smooth surface along the fibers. The result
showed that as the temperature or rotational speed increased, the fiber diameter was decreased. The

Keywords:
Centrifugal spinning
MNon-waven fiber

Palylactic acid fiber diameters of PLA 30520, L130, and synthesized PLA {at 650 rpm) decreased to 40%, 40%, and 24%,
Biopalymer respectively, when increasing the temperature. The high temperature in the process led to generate the
Wettahility beads. The fiber diameter of PLA 3052D, L130, and synthesized PLA (at 190 =C) decreased to G6%, 23%, and

56%, respectively, with the higher rotational speed. Topee 0f TGA showed that the thermal degradation of
PLA fibers was reduced compared with PLA resin, but it was still considered to be insignificant after
spinning. The wettability of the samples was determined by the mean of the water evaporation. The
results showed that the weight af the water in the sample decreased rapidly compared with eontrol
cotron, indicating more hydrophobic nature of the fibers obtained at the high rotational speed and
temperature.

@ 2020 Published by Elsevier Led.

1. Introduction parameters are mostly considered when producing the fibers or

mats in this technique. The centrifugal force induces the melt

In the last decade, the rotational jet spinning (R[S) technigue has
been considered as an efficient approach to producing micro and
even nanofiber of polymers from the thermoplastic polymers. It can
eliminate some problems of electrospinning, such as low produc-
tion rate, high voltage, and the requirement of specific and difficult
installation tools [1]. In addition, RJS is appropriate for both melting
and solution systems depending on the applications. The fibers of
some polymers that are difficult to find solvents can be easily
prepared. The major advantages of RJS technique are the high
production rate 2], low cost, easy to use and handle. The rotating of
spinneret is determining the flow of fluid through a spinneret
nozzle, the centrifugal force, and the viscous resistance [3,4]. These

* Corresponding author.
E-mail address: suttiruengwong_siswacth (5. Suttiruengwong).

https:{/doiorg/10.1016/j.mtsust 2020.100046
2589-2347 /0 2020 Published by Elsevier Lid.

polymer inside the spinneret to flow through the nozzle [5]. The
operation of RJS consists of 4 main parts which are the (1) motor
and control unit to drive the spinneret, (2) heater, sensor, and
control unit for melting the polymer in the spinneret, (3) spinneret
for containing the polymer resin, and (4) collector for collecting the
non-woven fiber after the spun process [6]. The rotational speed,
temperature, and viscosity of polymer melt are essentially all
important factors that control the fiber diameter and guality of
non-woven fibers.

Some polymers have been reported using this technique such as
polypropylene and  polyvinylpyrrolidone [ PVP)—triacontene
copolymer for fiber adsorbents |3, polycaprolactone (PCL}—PVF for
drug delivery wvehicles [4], polyethylene oxide [2]. PCL for
biomedical applications [7], and polyethylene terephthalate for
studying of the RJS process |5). Polylactic acid (PLA) is one of the
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Mozzle

Fig. 1. Schematic of the rotational jet spinning machine [R|5) and spinneret head with 4 nozzles.

biopolymers that were spun by the R]S method or fiber spinning
process. PLA fibers are typically melt spun at approximately
185—240 °C [2]. The critical concentration of PLA is an important
factor when using PLA solution for spinning. Because PLA is sen-
sitive to moisture and heat, the application of RJS in melt spinning
process can lead to the thermal degradation and undesired prop-
erties. To understand the nature of the RS process and the resulting
PLA fibers, in this work, R[S equipment was constructed and used to
prepare the non-woven PLA fiber. The effect of the temperature and
rotational speed on the quality of the fibers was studied. The
morphology and the wettability, as well as the thermal properties,
of fibers were performed to understand the nature of the fibers in
relation to the processing parameters.

2. Experimental
2.1. Materials

PLA resin 3052D (density 124 g/cm®) was purchased from
NatureWorks LLC, USA. PLA resin L130 (density 1.24 gfcm®) was

kindly supplied by Corbion Purac. Synthesized PLA was kindly
supplied by Assoc. Prof. Dr. Yodthong Baimak (Mahasarakham
University).

22, Spinning process

The production of fiber was performed in a batch process. PLA
resins were first dried at 60 °C overnight. Dried PLA of 10 g was
weighed and centrifugally spun into fibers over a temperature
range of 190—230 °C. The production process used the tempera-
tures 190, 210, and 230 °C and the rotational speed between 650,
1700 and 2800 rpm. The nozzle diameter is 600 um, with four
nozzles as shown in Fig. 1.

23 The wettability of non-woven fibers
The wettability of fiber mats can be realized by the adsorption of

water due to the hydrophilicity of polymers. In this experiment,
instead of the direct measurement of the water adsorption, the

Table 2
4000 The average fiber diameters of non-woven PLA fiber (3052D)
3 3500 —s=PLA 3052D Rotational speed (rpm) Average fiber diameter (pum)
€ 3000 *—PLA L130 180 °C 210°C T30°C
£ 2500 50 223454 14.7 £ 39 132237
§ = 1700 146 + 65 12370 64 =31
-2 2000 2800 15+ 26 74+ 28 12 +33
% 1500 PLA, polylactic acid.
="
%' 1000
o 500 Table 3
0 The average fiber diameters of non-woven PLA fiber (L1307,
165 170 175 180 185 190 195 200 Rotational speed (rpm) Average fiber diameter (um}
Temperature (*C) 190 +C 210°C 230°C
- - 650 186+53 1E+35 1247
Fig. 2. Complex viscosity of PLA 30520 and LA L130. PLA, polylactic acid. 1700 154545 133257 1dsad
2800 14.1 + 54 96 +4.1 5527
Table 1 PLA, polylactic acid.
Summary of the complex viscosity of FLA.
Temperature (*C) Complex viscosity (Fa-s) Table 4
30520 L130 Synthesized PLA The average fiber diameters of non-woven PLA fiber (synthesized PLA).
190 HO5 411 NjA Rotational speed (rpm) Average fiber diameter (pm)
kilig 173 154 MNjA a a a
320° 5 31 NjA 190 =C 210°C 230°C
— 650 209+ 74 159+75 NfA
PLA, polylactic acid. . 1700 140+ 62 77439 NjA
Complex viscosity from prediction. 2800 95+590 BB =43 NjA

PLA, polylactic acid.
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Fig. 3. Non-woven PLA fiber mat from the spinning process.

evaporation of the water saturation mats was measured. Non-
woven PLA and the control cotton samples of 0.3 g eacg were
immersed in excess water for 2 h. The fibers were taken out of the
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water and left to dry in an oven at 30 °C. The fibers were weighted
every 2 h.

2.4. Characterization

The viscosity of PLA resins (3052D, L130, and synthesized PLA)
was analyzed by dynamic mechanical analysis (DMA) on a parallel
plate in temperature scan mode (165—200 °C). The morphology of
fibers was analyzed by scanning electron microscopy (SEM). The
thermal degradation of fibers was analyzed by thermogravimetric
analysis (TGA) at about 50—550 °C, with a heating rate of 10 °C/min.

3. Results and discussion
3.1. The viscosity of polymer melt

The major condition for preparing non-woven fibers was vis-
cosity. Viscosity of polymer melt depends on temperature. There-
fore, viscosity of polymer melt was investigated by DMA. Fig. 2
showed the viscosity of PLA 3052D and PLA L130. It found that
viscosity of polymer melt was decreased as temperature increased.
The limit of temperature on DMA was 200 °C, so temperature at 210
and 230 °C was predicted from the trend line of the graph. The
viscosity at process temperature is summarized in Table 1. The
complex viscosity of synthesized PLA could not be analyzed owing
to its too low viscosity.

3.2. Spinning of non-woven PLA fibers

All commercial PLA resins could be prepared into fibers
completely. At 230 °C, the fibers could not be prepared when

b.PLALI30  —* 190

) --210
il 230
£1s S oo TE
= g
510 == e \\‘
g
Z 0

600 1000 1400 1800 2200 2600 3000

Rotational speed (rpm)

c. Synthesized PLA w90

--2]0

2000
Rotational speed (rpm)

3000

| speed on the average fiber diameters for different types of PLA. PLA, polylactic acid.
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Fig. 5. Morphology of non-woven PLA fibers on the effect of temperature of (a—c) PLA 3052D, (d—e) PLA L130, and (g-h) synthesized PLA at a rotational speed of 650 rpm.
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Fig. 6. Morphology of non-woven PLA fibers on the effect of rotational speed on (a—c) PLA 3052D, (d—e) PLA L130, and (g—i) synthesized PLA at a of 190 *C. PLA,
polylactic acid.
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Fig. 7. TGA thermograms of PLA resin and non-woven FLA fiber of {a) 30520, (b) L1340, and (c) synthesized PLA

using synthesized PLA. The fiber diameter was measured by SEM
images using Image | program. The average and standard devia-
tion values of 50 data were analyzed and reported. Tables 2—4
show the summary of average fiber diameters for all processing
conditions. The polymer melted was jetted from the spinneret and
generated the fibers, and finally, a thin mat was formed. The mat
fibers were self-supporting with enough strength to handle as
shown in Fig. 3.

3.2.1. Effect of temperature and rotational speed

The effect of temperature and the rotational speed at 650 rpm
is represented in Fig. 5. The diameter of the fibers decreased when
the temperature increased because the higher temperature
reduced the polymer viscosity [3]. This is also in good agreement
with the rheology data obtained in Fig. 2.

However, when the polymer viscosity is very low. the polymer
jet could not develop to form fiber. The polymer jet tends to form
beads instead as seen in Fig. 5. When the processing temperature is
more than 210 °C, some beads are formed [3]. For the synthesized
PLA, when the temperature of process exceeds 230 °C, the
continuous fibers could not be produced. The particles with irreg-
ular shapes are obtained.

The average fiber diameters of PLA 3052D, L130, and synthe-
sized PLA are summarized in Tables 2—4. The fiber diameters of

PLA 3052D, L130, and synthesized PLA (at 650 rpm) decrease to
40%, 40%, and 24%, respectively, upon increasing the temperature.
The high temperature in the process tends to generate beads. The
diameter of the fibers decreases when the temperature increases.
These have also been reported elsewhere |7]. The higher tem=
perature reduces the viscosity of the melted polymers, conse-
quently the smaller diameters of jet evolved.

When the spun temperature is fixed at 190 °C, the diameter
decreases with increasing the rotational speed. The higher rota-
tional speed increases the centrifugal force, allowing the polymer
melt to flow easily through the nozzle. On the other hand, if the
rotational speed is more than 2800 rpm, the beads are formed
during the process. At the high spun speed, the polymer jet receives
high centrifugal force, and the polymer jet could not form into fibers
[3.10] as shown in Fig. 6. The number of beads increases with the
rotational speed. For each PLA type by the same temperature and
rotational speed. the fiber diameters of PLA changes differently as
shown in Fig. 4, which demonstrates the effect of fiber diameter on
temperature and rotational speed. As mentioned previously, due to
the viscosity response to different temperature as discussed in Figz. 2,
the rotational speed is more influential to the fiber diameter than
the temperature. At the constant temperature of 190 *C (blue line),
the curve shows the steep linear relationship between the rotational
speed and the average fiber diameters. The higher the rotational
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speed, the smaller the average fiber diameters. However, when the
temperature is increased to 210 and 230 °C (orange and gray lines,
respectively), the effect of varying rotational speed on the fiber
diameter was less pronounced. At the higher temperature, the
polymers are subjected to severe degradation, the lower fiber di-
ameters could be realized, but the continuity of the fibers is very
poor. It is observed that the fiber fractures and short-length fibers
are formed (data not shown). This is consistent with SEM micro-
graphs discussed earlier. The beads are formed because of possible
low viscosity and flow discontinuity. It should be also pointed out
that for the synthesized PLA and PLA 3052D grade, spinning at the
highest speed and the temperature results in the similar average
fiber diameters. The reason for this is unknown.

The rotational speed affects the fiber diameter more than tem-
perature as shown in Tables 2—4 The fiber diameter of PLA 3052D,
L130, and synthesized PLA (at 190 *C) decreases to 66%, 23%, and
56%, respectively, with the higher rotational speed. The diameter of
the fibers decreases with the rotational speed as reported by other
research groups [3,5,8). The higher rotational speed results in the
high shear velocity, even at low temperature.

3.3. Thermal degradation

The TGA thermograms of PLA resins and non-woven fibers on
varying temperatures are represented in Fig. 7. Typser Of the
thermal degradation of PLA is reduced when compared with the
polymer resin, but it is still considered to be insignificant. The
high throughput rate might be responsible for the low thermal
degradation. Therefore, the temperature effect on the thermal
decomposition of fibers is very small. However, if the polymer
melt is left in the chamber for a longer resident time, the thermal
degradation can be significant. In this case, the continuous
loading with shorter resident time can be an important factor for
the uniform production.

34. The wertability of non-woven fibers

One of the indirect ways to study the surface interaction be=
tween polymer and water is the water absorption and evapora-
tion. In this study, the water evaporation is investigated for the
non=woven fiber mats. Fig. 8 represents the water evaporation
testing of non=woven PLA fibers and the control cotton. The initial
amount of water absorbed by the PLA fibers (Fig. & right) is less

than that of the control cotton sample. The weight loss of PLA
specimens reaches the equilibrium after 12 h. These are faster
rates than those of the cotton samples, due to the fact that the
cotton fibers have strong hydrogen bonding with water, hence the
slower evaporation time. The evaporation of the water from PLA
fibers is faster than that of the control cotton. That result shows
that PLA fibers possessed more hydrophobic properties.

4. Conclusions

All PLA resins are successfully spun with the R]S method. The
fiber diameter of non-woven PLA fibers is in the range of 5—22 um.
The fiber diameter of PLA decreases as the rotational speed and
temperature increase. The rotational speed affects the fiber with
the maximum fiber size. The average fiber diameters are decreased
by 66%, while the temperature causes the decrease of the average
fiber diameters only by 40% Therefore, the rotational speed is
influential to the fiber diameter adjustment more significantly than
the temperature. The temperature greater than 210 °C and the
rotational speed greater than 1700 rpm cause the formation of the
beads during the process. The thermal degradation of the fibers is
insignificant after the jet spun process as observed by the small
decrease in Typer. The evaporation of the water from PLA fibers is
faster than that of the control cotton fiber, implying the hydro-
phobic nature of PLA fibers.
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