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Morphology Transformation by Annealing

Electrospun Polymer Fibers

Student : Ping-Wen Fan Advisor : Dr. Jiun-Tai Chen

M. S. Program, Department of Applied Chemistry
National Chiao Tung University
Abstract

Electrospinning is a simple and convenient technique to prepare polymer fibers,
and various electrospun polymer fibers have been generated for different applications.
But the annealing effect of the polymer fibers, which is critical for controlling the
properties and morphologies of the polymer fibers, has been rarely studied. Here we
study the annealing effect of electrospun-poly(methyl methacrylate) (PMMA) and
polystyrene (PS) fibers and their transformation into microspheres or microparticles
under thermal annealing. The polymer fibers are first prepared by electrospinning and
the diameters of the electrospun fibers are controlled by the electrospinning condition.

In part 1, polymer fibers are annealed in ethylene glycol. The fibers undulate and
transform into microspheres; driven by Rayleigh- instability. The morphology can be
controlled by using different annealing.times and annealing temperatures. The sizes of
the microspheres are found to be fitted” well with the theoretical calculations.
Polymers with different molecular weights are also used to investigate the effect of
molecular weights.

In part 2, we study the annealing effect of the electrospun fibers on different
substrates. Various morphology transformations are obtained by annealing the fibers
on different substrates, and the relationship between the polymer interfacial energy
and the Rayleigh instability is studied. The polymer fibers transform into
microparticles caused by the reduction of the interface energy, and the sizes of
particles also fit well with the theoretical values. The shapes of the polymer particles
are confirmed by removing the polymer film using selective solvent. Both AFM and
SEM show that hemispherical polymer particles can be formed by annealing PS fibers
on PMMA film coated substrates.

Keywords : Electrospinning ~ Instability ~ Thermal annealing ~ Wetting
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Cosmetic Skin Mask Application in Life Science Tissue Engineering Scaffolding
+ Skin cleansing * Drug delivery carrier +  Porous membrane for skin
+ Skin healing * Haemostatic devices * Tubular shapes for blood vessels
. . + Wound dressing and nerve regenerations
“  Bkin tempymity +  Three dimensional scaffolds for
medicine bone and cartilage regenerations

Military Protective Clothing Filter Media
* Minimal impedance to air Polymer + Liquid filtration
+  Efficiency in trapping , >
aerosol particles nanofibers +  Gasfiltration
+  Anti-bio-chemical gases +  Molecule filtration

N

Other Industrial Applications

Micro/nano electronic devices
Electrostatic dissipation
Electromagnetic interference shielding
Photovoltaic devices (nano-solar cell)
LCD devices

Ultra-lightweight spacecraft materials
Higher efficient and functional catalysts

Nano-sensors

+  Thermal sensor

+  Piezoelectric sensor
+  Biochemical sensor

+  Fluorescence optical chemical
sensor
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b Polymer lift-off method
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C Microcontact printing

Master l

PDMS stamp

l Substrate Application of ink
PDMS cast B Biomaterial T — — —
Separation of
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Transfer l
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Polymer system Solvent

Collagen hexafluoroisopropyl alcohol

collagen/PCL methanol-CHCI3
hexafluoroisopropyl alcohol

Gelatin hexafluoroisopropylalcohol
2,2,2-trifluoroethanol

gelatin/PEO water/NaCl

casein/PVA triethanolamine/water

lipase bis-tris-propane buffer

cellulase/PVAa Acetic acid

BSA/PVA water

a-chymotrypsin toluene

fibrinogen hexafluoroisopropyl alcohol

regenerated silk hexafluoroacetone

silk fibroin formic acid

silk/PEO water

artificial spider silk hexafluoroisopropyl alcohol

chitin hexafluoroisopropyl alcohol

chitosan formic acid/trifluoroacetic acid
acetic acid
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chitosan/PEO acetic acid

chitosan/PVA acetic acid

quaternized chitosan/PVA Water

hexanoylchitosan/PL THF, CHCI3, CH2CI2

Cellulose NMO/water/N,N-dimethylacetamide/LiCl

%:*?ﬁ%ﬁ%?%ﬁﬂ%&;ﬁﬂ4

Polymer System Solvent
PLA Dichloromethane
Dimethylformamide
PGA 1,1,1,3,3,3-hexafluoro-2-propanal
PCL Dimethylformamide
Methylene chloride
PEU chloroform

312 RBHEBALF
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B T RS SR A S R ik Y B R 2
R SN TR PR S S LT RN N

T 2 gt F AT L W A5 AR o R R AR AR

PR R AL R AR R A RF R A S VY 2R

)%‘,i@?«*4#7§& A PSR ERBERWEEE - b4 D R 2 % (PEO)
PHEE G RGBT  FEHE ARG FRERE DA PN
(Biocompatibility) & » 7 E £ A A AER A S 4 pd R RN AT T

PHRR LY LS PR -
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RN NS xRS T
Polymer System Solvent
PEC water
PVA water
PVP water
PAA water

3o} AL B R [0 bl 4e i 8 i (boiling point) - # T 2 (conductivity)

&1 (polarity) ~ i% f% & 4-#&(solubility parameter) ¥ % » H $ ¢ s ARG A

[y

S AR RStk s ELERE LR TSR
(morphology) - 5 i3 A% 5 24 A 4L~ 2%~ e~ iR XA FlUt 7

3 [@;’i’r %“i%#ﬁl"aé ; TE?%?gﬁ,ﬁgﬁ;@gi‘ ﬁ:ﬁ&:ifﬂ;’ﬁ :f%ﬁ:fﬁ”f@;q* %\»IFLO

T

For o TEHG PR AGEUEA T R

oY

Polymer System Solvent
Polystyrene, PS Chloroform
Dichloroethane
Dimethylformamide
Ethylacetate
Methylethylhetone
Polyacrylonitrile, PAN Dimethylformamide
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Polycarbonate, PC

Tetrahydrofuran
Dichloromethane
Chloroform
Dimethylformamide

Nylon, PA

Dimethylacetamide

Polybenzimidazole, PBI

Dimethylacetamide

Polyethylene terephthalate, PET

Dichloromethane
Trifluoroacetic acid

Polytrimethyleneterephthalate, PTT

Trifluoroacetic acid
Methylenechloride

Polyurethanes, PU Tetrahydrofuran

Polyvinylchloride, PVC Tetrahydrofuran
dimethylformamide

Polymethylmethacrylate, PMMA Tetrahydrofuran
Acetone
Chloroform

Dimethylformamide

Polyvinylidene difluoride, PVDF

dimethylacetamide

314 B RARAS

FRAR A F AL TSR R

o HERBNELEHS

e ARSAAY ET A BBE 4B

PORB R FEAA AT AFLGRUFA T A S LREBFAS

BRI RO E -

eI RABEBER R e 48

¢ (mobility) » F]p+ 2 Z 7g

BT WA S A A RRE -

%T \F-F"’;ﬁ“

i L R K

75 A

=

Polymer System

Processing temperature (‘C)

Polyethylene, PE

200-220

Polypropylene, PP

220-240
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Nylon 12, PA-12 220
Polyethylene terephthalate, PET 270
Polyethylene naphthalate, PEN 290

315 #4344 HA
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End of straight
segment

Half angle of
envelope cone

Onset of third :
bendinginstability ) !
p £y 7 -m
y 1
{ i
\ t i 7
Axis of straight ’:
4 segment, extended 1
g i
)

L YVAA

‘”{§

Onset of first
bending instability

Trajectory of an
element of the path

Onset of second
A bending instability
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AN (I FATRRER > - HNRBIERFL T RFHE  BRAR
AP TSR T TR S o E R A AT o A
e B ggh(bead)itFne A R4 e e A M FHE LGRS S
PR R AN A5 T ARRS AR o hEF R AT
B AR A GEIRRE O BRRMIFLEZNN S w0 RE KRR D
IS EWUR v R g RFIEAF A SRR U ER R ERORR TR
sl T s o Er g kR

TR BAFRIRETRANEZHAZLFESTTH XL HFFEFRZETR
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TR R IR AR A R R B HE R R TR
PN g2 — o

FEARZ A E R - RIT2 IR Y RMERPEYRFLAFIE I M
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B oo

R RERE T BAAT R D
Solvent Dielectric constant
Acetone 20.7
Chloroform 4.8
Dichloromethane 8.93
Dimethylformamide 36.71
Ethanol 24.55
toluene 2.438
Water 80.2
Tetrahydrofuran 7.47
1250 RS A ET R

Solvent Conductivity (mS/m)

Acetone 0.0202

Dimethylformamide 1.090

Water 0.447

Methanol 0.1207

Ethanol 0.0554
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Positive high
voltage

Rings

Copper Rings +4.5 kV

11 kV

High voltage

g

d: Gap where fibres are deposited
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Collector type

Advantages/Disadvantages

A. Rotating drum

|

/

Advantage

Simple set-up

Large area of aligned fibres can be fabricated
Disadvantage

Highly aligned fibrous assemblies are difficult to fabricate
Fibre breakage may occur if rotating speed is too high
(Matthews et al 2002, Kimet al 2004, Chew et al 2005,
Wannatong et al 2004)

B. Parallel electrodes

|

Advantage

Simple set-up

Highly aligned fibres are easy to obtain

Aligned fibres are easily transferable to another substrate
Disadvantage

Thicker layer of aligned fibres are not possible

There is-a limit in-the length of the aligned fibres

(Li etal 2003)

C. Rotating wire drum
collector

|
=

Advantage

Simple set-up

Highly aligned fibres are possible

Disadvantage

Thicker layer of aligned fibres are not possible

Fibres may not be aligned throughout the whole assembly
(Katta et al 2004)

D. Disc collector

Advantage

Simple set-up

Highly aligned fibres are possible

Able to fabricate arrayed fibres by attaching a rotatable
table

on the edge of the disc

Disadvantage

Unable to retain high fibre alignment at the same rotating
speed when the deposited fibres are thicker

Small area of fibre alignment

(Theron et al 2001, Inai et al 2005, Xu et al 2004)
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Collector type Advantages/Disadvantages
E. Array of Advantage
counter-electrodes Simple set-up

'y
y 4

Disadvantage

Fibre patterning is not consistent throughout the
assembly

Area of the assembly is limited

Thicker fibrous assembly is not possible

(Li et al 2004)

F. Blade placed in line

|

b
A L

Negative high voltage

Advantage

Simple set-up

Yarn can be easily removed from the collector
Collected yarn is highly aligned

Disadvantage

Fabricated yarn is.of limited length

Deposited fibres have to be dipped in water first
before yarn is formed

(Teo and Ramakrishna 2005)

G. Ring collector placed in
parallel

Advantage

Simple set-up

Twisted-yarn can be fabricated

Disadvantage

Fabricated yarn is of limited length

One of the rings has to be rotated to twist the fibres
that are deposited into yarn

(Dalton et al 2005)

H. Controlled deposition
using ring electrodes

Positive high voltage

Negative high voltage

Advantage

Positive high voltage

Negative high voltage

Area where fibres are deposited can be minimized
Disadvantage

Complicated set-up

Rings have to be given a positive charge

(Deitzel et al 2001a)
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Needleless electrospinning type

Advantages/Disadvantages

A. Porous electrospinning source

Solution

Porous elecrospinning
device

Cylindrical collector

Electrode ——=

Positive high voltage

Advantage

High production of fibres
Disadvantage

Larger variation in fibre diameters
(Dosunmu et al 2006)

B. Multiple spikes
electrospinning source

Saw teeth collector

Spikes formed by

ot Solution
magnetic field /

Positive high voltage

Advantage

No clogging of solution at the source
High production rate of fibres
Disadvantage

Complicated set-up

Variation of fibre diameter may be large
(Yarin-and Zussman 2004)

C. Pointed tip electrospinning
source

Positive high voltage

Drop of solution

Anslational

Collector

Advantage

No clogging of solution at the source

Solution can be spun at close distance to
collector

Patterning by fibre deposition is possible if
collector is moving at high enough speed
Disadvantage

Small amount of solution can be used at a time
(Kameoka et al 2003, Sun et al 2006)
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Spinneret modification

Advantages/Disadvantages

A. Coaxial spinneret

Solution A Solution B

Positive high voltage

y

Advantage

Single fibres made out of two different materials
can be electrospun

Hollow fibres can be fabricated by removing the
core material

Materials normally not electrospinnable can be
made into nanofibre by using an electrospinnable.
outer material

Disadvantage

Materials to be electrospun must be chosen
carefully to reduce mixing of the materials

(Sun et-al 2003, Zhang et al 2004, Li and Xia
2004, Loscertales et al 2004, Wang et al 2006a,
Wang et al 2006b)

B. Gas jacket electrospinning

Gas jacket

x 8

Positive high voltage

Solution % /

y

Advantage

Gas jacket Gas jacket-will assist in the formation
of smooth fibres

Disadvantage

The speed-of the injected gas must be controlled
properly

(Larsen et al 2004, Wang et al 2005a,

Um et al 2004)

C. Bicomponent spinneret

Solution A Solution B

Positive high voltage

/

Advantage

Single fibres made out of two different materials
can be electrospun

Disadvantage

Materials to be electrospun must be chosen
carefully to reduce mixing of the materials
(Schreuder-Gibson et al 2004, Gupta and Wilkes
2003, Lin et al 2005)
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o

! rres Anti-microbial
wound dressing

Bio-chemical agent
detecting

Tissue
engineering

Nanocomposites with the
structure similarto that of
Inter-PenetrationNetwork
4 (IPN) except that the
e g interpenetration occurs at

Dvong Forbsm Mvwnird (w1 )

Teva (o)
Z Textile, filtration, and/or nano scale instead of
|

Drug delivery bioseparation molecular scale

applications

e b s 4 ~ 2 = 20
@4—‘?ﬁ$@£@?W%@
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Materials Applications
Commodity Plastics
Polyethylene Melt or solution electrospinning
Polypropylene Melt-electrospinning
Polystyrene Hydrophabic, Filtration, Matrix.
Polyvinyl chloride Filtration
Engineering and specialty plastics

Polyamides Filtration, Reinforcement, Matrix.
Polyacrylonitrile Filtration, CNF Precursor, Matrix.
Polyaniline Conductive polymer
Polybenzimidazole Filtration, CNF Precursor.
Polycaprolactone Biodegradable polymer
Polycarbonate Filtration
Polyethylene oxide Water soluble, Filtration
Polyfluorostyrene Hydrophobic
Polyimides Filtration, High strength
Polylactides Filtration, Biodegradable polymer, Medical

applications, Templates.
Polymethyl methacrylate Easy removable, Matrix
Polyvinyl alcolhol Water soluble, Filtration, CNF precursor.
Polyvinyl pyrrolidone Water soluble, Easy removable, Wound dressing,
Polyvinylidene fluoride Piezo, pyro and ferroelectric polymer

Natural and chemically modified polymer

Cellulose Filtration, CNF precursor, Drug release.
Chitosan Antimicrobial, medical application
Proteins Drug delivery, Tissue
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Spectrum 1
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6.2.1 & & F #3

BAFIMPALRYEFLHPS)ME R AR GET fa(PMMA) - »+ 2
A w5 192 ~ 75 kg/mol > B A+ % E g Sigma-Aldrich » 3 & 3R > & *
N,N-dimethylformamide (DMF) 1z % tetrahydrofuran(THF) » ;2 #[:E fE p Tedia - 3

BAF R » FEA = 7370 -

6.2.2 & *‘h’%‘«ﬁ« ags
F1* B ¥ 2 % (PS) (Mw:192 kg/mol) #LiF ¢ 5k g A + g > fefl 30 wi%

- -

® A

n}L

g ® AP A v(N,N-dimethylformamide)(DMF) 1% % 73 4 o T 5 3 £

fog e B Hamilton 4% 4k &5 (P 42 0.41 mm) 5 f #-H g 4% 3 SIMCO 2

E“J*

R E o 1 (FR R 210-30. KV @ A Sa i iisting 5 1 mLh 417 KD
Scientific #c 2 A S FTF Ao feffm 3 £ s EpREY S 15cm > S ¥ WEFE A
TE R4 667 pum o P PR EAREY ENKE > PN RTRFRRY &

FARE T PRI AR R AR B BRI R R

6.2.3 % HP BT

BEF LR R MBI TR EN L TR AT AR kG o
TR AF L E L5 PMMA % 5 L33 A e PR 5 4 233 0 > PMMA % i 0
R EE B2 Nk > fe B PMMA 3 20 wi%*t THF ¢ > & H 3 &40
(R AR S 24um e Ao BT VIR R AT ks RER > P 5 - AR
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6.2.4 i TRl

TERF AR AU A %D 5 1% JEOL JSM-T401F #4554 T+ 8
Hedt (SEM) BLPIH £ 5 A58 2 B4 7 & SEM Bl L 2 80% > 1" 424
e+ B ARG 45nm Bensh o @ F A R ET 1 SEMBEE o 1% i 50
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DEEEES ETE T L S GRS 2 IR YL R

Fga ARas T ER BRG] de A FRRER  LMIRE

63



-l 42y

Thermal Annealin

) &

Lo R AR BRI %R

=
Jir

#T %ﬁfkgé«a,%_%“fgiu g;a_;fwc’;ma TS g LBITLVERB AL TR

AR R P w\—wﬁfﬁf w Zj’_'a,”ﬁ RABFBBLA 2 Gt T

/3’

TERHEF s F

N

EP Y- TR E VIR ]' F R » A F A
R D o ,ﬁiiﬁén%&i?"\'iﬁ%é % 94@%‘«.&34;@::&4&1@% VEEE R e
AEHET F2 Rk AFEHPEOEY LG REMEEING ) bldeid & 5
BRI G (Wet) 2 7 5 BRI g (dewet)d fEA ek o TR F L st gt
WA PRIV R AL G RF AR F R R
ABBRRG S F2ZF A BAF LR F Y - PMMA 5 &~ F F08 > 27 5%
FmoaREFCFREN AR VEF LT S BRR G LR EEF I A
MRFED > REAFRARSEHEA A A AR T o

?:*%\ LEARAs SRR BHEX P 28

A=
W
<k
>
4

\\
B¢
(=
=i

64



ABTE PR EAETEEAZA I AR RN R S 2 LG LT
RSB Bl G B AT AT R S BRER S 1 TRR SR

2I1IFREE S c A AT HY APEY B F O pri%;r‘gb;,é’;\z.é’&%ﬁ‘ii’i"i%?*:
TATERRELEA AL - SRR FREFATVERZH O HRF LG
RRTHY F ERIVFOTIFAEL A AT PR > AP 1 PR

UEE S EREE RS TR SN RS S R T A B

A%

kS
¥

FARREDFERFNSL o F AR S AR R AL S G 8 4 (Taylor
cone)e *HEF 1 (v B F o R R Ao BB RAF AT B ARES

H

%?zrp,ggng' BV A - e B A G ERGE N H O X THF RS R £

FTIN

AESP-Z RN ab RECE LIRS S8 PR R R P

b
BB

PR LS L V- L PR RN L S SN R AT RS R NE R -
I3 67 e 7 — BT oS UE Mol & 300 3 sk R 717 L8 3 48 ok
o - FTERErTHY P ook S FPLERE TR - TN THY € X
— A AR e v A SRR A MR E R A AP F R
BT FR R E A MRR TR F S G2 - A B B L] R RS

MAS o PR G WIS R B R A LAAN TR R Ew

A
=
[}
I
Iy
3
N |
?
&3
gy
g
\\Xr

By SEM Bl - B 4 =+ 3Rk R 2 - i H i

%‘B’_qu{: ?"W“T% %:Qﬁﬁi’ - -Ey’i/p A «Pf;iﬂxéf%"-‘_ L+ /F'. R /%)ii%%“ M i%'g‘"- ° T'i/%)iﬂé’:

65



BAFIRIRAR A K UA ;\.ﬁ;&%g gt A 4 G (S PR R TR ER S

=1
|

AL G R REE T SRR R v il T Rk

N

SEFAFAFRELF AR U TRZ L - ()05 2 FEREPFRFC G(PS

18
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FI AR ERPB VY R B AR E A HPR LA ARERE R S AR
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BA R R - Gupta B FApdl R A EAE REGE A WgH
S PUGE R TR A T SRR D L A S B A R g
L iz (hydrodynamic radii) # 3 #p¥ 7 (relaxation times)#75& o *
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20~ 25 30Wt% » (d)(e)()# FriiiE ; A% % 1~3~5mlh o

B A+ A e T B A F R & P (polymer blend) ~ B 4 + 4§ & F (composites) ~
B 4 Ea(film) ~ 3 &4 3 g a(fiber) ~ 3 4 F 4LF 7 4v | (adhesive additive) » ¥
Zi oA andg MR B 4 g s (interfacial energy) ~ A g 3% 4

(interfacial tension) ~ % & %4 (surface structure) ~ # & 3% + (surface tension) ~ &k

IS

¥ {4 (adhesion) # % > 3R AP 5B 4 A i (morphology) shM &£ F1 % < F 2 3 4 6 &
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HAdr A G F ()R S A% (Flaw theory) 7 5 #5441 6 £ % -
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e
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RV ES T BEIAFIAGELITT R o
He a2 da %kt AFRELYS Lo - LTB:FAMEFH
Bend g skd > X FH* A b A6 LENRHEFHS S AN 2 46 %
c RSB A TG A
Vs =V COS O+ s [25e]
HPoygs 2 FIMA G %4~ yg s RAMAGSRS oy n RAFM A5 RS ~0R]S
£/ & (contact angle) > #6,-] 3t w2 B > R A #-+ 384 B (mostly wetting) & %
0 0 F 04 w2 Pl AR #RA 2 LB R (mostly non-wetting) 4 & G o
EFRMEie RS U2 EFeEv T RBEPIE > LEHMEG RS ~HRiae kP
@&E%éQﬁaﬁa@,gﬁéﬁj#i@%wﬂ%ﬁgﬁ*ﬂl&sﬂwa
k4L E FRE R A e B2 %4 4o (1) Zisman Plot ~ (2) Fowkes ~ (3)
Owens-Wendt-Rabel-kaelble ~ (4) Extended Fowkes ~ (5) Wu (harmonic mean) ~ (6)
Equation-of-state ~ (7) Lewis acid/base theory - 2 + & BIZHEHA ¢ 5 2 Bt ')

DR LE ) I S S
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P A G RS P HE g 0
Methods Information Min. No. Applications
of liquids
Zisman Critical surface tension 2 Non-polar solids
Fowkes Disperse parts of surface 2, Non-polar system
free tension non-polar
liquids
OWRK Disperse and polar parts 2 Universal
of surface free tension
Extended Fowkes Disperse, polar and 3 Specific questions of
hydrogen parts of surface surface properties
free tension
Wu Disperse and polar parts | 2, at least Low energetic
(Harmonik Mean) of surface free tension one polar systems
liquid
Acid-base Theory Disperse acid and base 3 Specific questions of
parts of surface free surface properties
tension
Equation of state Surface free energy 1 Universal

theory
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@ % X & Guggenheim 324 o

-

2Lz FABAFTEAGEIZRAEARAEKBTR®

Table 3.1. Values of yy and T, of Guggenheim Equation, Obtained
by Least-Squares Fit of Surface Tension Versus Temperature Data

Y0 Te» 2
Polymer dyne/cm
Polyethylene (linear) 53.71 1032 (1028)
Polyethylene (branched) 56.38 921
Polypropylene 47.16 914
Polyisobutylene 53.74 918
Polystyrene 63.31 967
Polytetrafluoroethylene 43.96 823 (828)
Polychloroprene 70.95 892
Poly (vinyl acetate) 57.37 948
Poly (methyl methacrylate) 65.09 935
Polydimethylsiloxane 35.31 776

& The T, values in parentheses are obtained by extrapolation of

values for gaseous and liquid homologs.
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S=y,—(n+,) (2521
RO BB B Sy WHEAFES vy s o BHAERAES yp DA H
FEEAe RS BE GEEKEY VAT - RHMEAFZ A )% - P

BN B E 2B E B YR PE S R 4 % > B R(total wetting) 0 - 55

=

HALER(Weting) >t - B H F > AR E R IRBAFTHRE o F 2 EHE
B 3R P R AR R A B R (partially wetting) A £ & 0 RIE 2 - LR -
Bob g 4 72 % B IRIR % (dewetting) o
FARIVERFNRIATHABEAFAN F A T RN G LS
A BE o EN{RTRE - AAFER&R AT AR GRENA
TRAF  RELAIUIRBAURE R - BB SR AY V- 5}
TR ARELT fof AR o Gt T A FRPL T s (PMMA) ~ F 2 % ¥ (PS)
PTG AR 5 Bt B R 240 CAe#@ 0§ B0 £ A 0 15 8 Guggenheim 32 ©
AR E 240 C2 ko m B4 o A u L 2474~ 2512~ 54.9 dyne/cm > T Bl = -
i PMMAZPS 2554 R AN GR  REVEEY - {83 EPSE
PMMA #4328 BT 4 & 564 > 4] * Good & Girifalco 5% # 7 7 5% 4 57
1
Yo=Y 472 —20(n7, )2 (25
VEHMHE- ARES A HEC 2GRS sy AR HEFAGES g i A
Sl AL e LA ARAFTHAR FETHE M FEREERETF - AP

BowwBd pPONRB2EEREBRAPFLEF A FHAG S8 K 1B



drvmmarps & 1.00 ~ ypmmases % 1.05 dyne/em > il # 12 b fedp (2w O 58 F B i
S 2N B) RS> H A PMMA & PSR a3 o B A + B3 4 BIRIL % B4

PS % * PMMA Ew a4 F pFR| v 28 2 2 5 BRI % o

FLle s FLFAIHAGES 25O
¢ Value
Polymer pair a 20°C 140°C 180°C
PVAc/L-PE 0.798 0.804 0.798
PVAc/PIB 0.860 0.864 0.865
PMMA /L-PE 0.845 0.841 0.838
PnBMA /L-PE 0.896 0.903 0.906
PS /L-PE 0.893 0.905 0.907
PMMA /PS 0.962 0.974 0.976
PnBMA /PVAc 0.941 0.950 0.950
PMMA /PnBMA 0.960 0.975 0.982
PCP/B-PE 0.947 0.943 0.942
PCP/PDMS 0.958 0.944 0.937
PVAc/PDMS 0.891 0.880 0.873
—a— PMMA|
—e—PS
40

N w w
(9} o (83}
I I I

Surface Tension (dyne/cm)
[
o

0 50 100 150 200 250 300
Temperature (°C)

Bl=-L2 -PMMA ® PS £ 364 8 B it |/ ®

PS 4k % S LT84 F i 7 240 CAeRiT L A b PEF k5 A

=
I

.
=g
ETIRN

™
P
e
*=

FALPSHRANHEB AR F A BRI G > AP SFIRF R AR
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Bl= L7 PSHa» B AFeFosid L2 pEFELT OM B -(a)0-(b) 3~
(€)9~(d)18 -~ (e) 34 ~ (f) 45 mine

40 pm 40 pm 40 pm
— —

V- AFRr A e F FLLEG PMMA § A 30 £ PS Bl A
FrieFaB@ % -FzL> 5 PSEa4e+ PMMA % G gsg s

3240 CH#3 L2 FEFF OMB - 3 &3 OM Bl4rBl = -+ = #17F » ’F“ﬁi‘)ﬁ-*{

Ny

BLARVEEE oG EA > J KRR I Rk o 3 WHEARESFT o G
90 Cizbr=2 8 % 250 'C » 2 F 5 5 °C/min» » ¥ OM 851§ i B2 4p e 2
LR B2 L AT s B AT RBERBEIRESERH AR L

(differential scanning calorimetry, DSC):;| & - B|#¥ PS &2 PMMA L33 # %% 8 & ~
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AR A BTN TS PS B PMMA % G P F 4 A B AR

i

EHEIFLFIRT > HY A EPS B4 A ETAS > 7 E Y K PMMA A

e R B EALE B o

40 pm (@)
L O e AU -

Bl=-= PS g4 45 PMMA % g3 A e G439 07 b RFRET
OM Rl - (3) 0 ~ (b) 34 ~ () 146 ~/(d) 178~ (e) 188 ~ (f)382s -

40 pm
E——

40 pm
C—

(a) (b) () \\ @ \\ (e) O
0 um \\) 0 pm \‘) 10 ym U 0 ym U 0 pm
- E )
(f O (9) O (h) o (i) O ) e
Q Q Q a @)
O 9] O O O

Bl=Lt- PSga4 e PMMA R G RBAFEF 45 HT VT FEFRFERT S
% OM B - (a) 124 ~ (b) 140~ (c) 146 ~ (d) 154 ~ (e) 166 ~ () 176 ~ (g) 180~ (h) 188 -
(i) 196 ~ (j) 214 s -
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M d o PR e At AR - T L 0 e BRIV L PS B¢
PMMA 527 > d 22 PMMA B de (S e PR A F 4877 5 B a0 0 Flpt PS e
R CHBE TR FUER I A PR REF AT AR AL R
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(@) 724 (b) 240,

[ ]
60 1921
48+ —
< . = 144
c ]
~ g’ 96
o 24 @
E 121 E 4 .\
L] I—
00+ \.r.h.\.—. 00 o u
120 140 160 180 200 220 240 180 200 220 240
o
(c) Temperature (°C) Temperature (°C)
35, (d)
3.0 Samples 1 2 3 4 5
Annealing As-spun 180 200 220 240
2.5 + Temperature
- (°c)
i 2.0 ; __________ %'____i_ Morphology Fiber | Particle | Particle | Particle | Particle
o 154 Starting Time - 02:32 | 02:00 | 01:24 | 01:52
'-g (min:sec)
m 1.0 Ending Time - 215:16 | 63:10 | 11:12 | 04:16
(min:sec)
0.5+
Ratio ( r/rg) 1 1.69 2.27 1.85 2.10
0.01— T T
180 200 220 240

Temperature (°C)

Bl=-t4 ~@) I VBRHELF 2 RERETH GRF (D) 4RI LE
R EES AT PERM 2B - (C) 4T U EREA, L PS s TiaL iz
R AR L T G GR s (d)PS AT L0F B Ar i L F B I A o

AP BT 4 A ke 5 BLE PS AR £33 L 153 PMMA % 472
$PSHF o Blr L 2 AFM B (@3 ERES TR 0)E 3 AES T H
Bt AMe M7 %% 5 PSA&RE T F 495 100-200nm 2 > i)
BRERRAE S L o FILAPRE L PSR I N A G FRMI TG S £

B cE A=z T 0 @ K PMMA e

‘\'!\14

R R FIERGR o ALK S 2ok o
TR A AT F NP R B g e BT N iE 0 PS 3 2 PMMA R
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-16V 109.7 nm
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Bz - ~PS & @ PMMA % w L3 A+ 55 240 CHe 3 1 12 AFM R - (a)
Tapping -5 ~ (b) Height #-3% > #F 4% = = % 100 um x 100 pm -

Bz - -~ PS g2t PMMA i i 347 i 4 8320 (6 > E 128 PMMA 255>
5 PS 43 SEM % ff o

Bz = 5 OM BURIR s 336 BRK B0 B PR W) > gt 20 i i dp o7 1 dicdy
A PR BT 425 o PS 0T PMMA AR L e i3l R R B
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AR APV REET PRPMMA § A3 1
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