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Bending instability in electrospinning of nanofibers

A. L. Yarin
Faculty of Mechanical Engineering, Technion, Haifa 32000, Israel

S. Koombhongse and D. H. Reneker?
Maurice Morton Institute of Polymer Science, Department of Polymer Science, The University of Akron,
Akron, Ohio 44325-3909

(Received 17 July 2000; accepted for publication 23 October 2000

A localized approximation was developed to calculate the bending electric force acting on an
electrified polymer jet, which is a key element of the electrospinning process for manufacturing of
nanofibers. Using this force, a far reaching analogy between the electrically driven bending
instability and the aerodynamically driven instability was established. Continuous,
quasi-one-dimensional, partial differential equations were derived and used to predict the growth
rate of small electrically driven bending perturbations of a liquid column. A discretized form of
these equations, that accounts for solvent evaporation and polymer solidification, was used to
calculate the jet paths during the course of nonlinear bending instability leading to formation of
large loops and resulting in nanofibers. The results of the calculations are compared to the
experimental data acquired in the present work. Agreement of theory and experiment is discussed.
© 2001 American Institute of Physic§DOI: 10.1063/1.1333035

I. INTRODUCTION also show how these equations correspond to the discretized
equations used in Ref. 2.

Electrospinning of polymer solutions and melts is a In Sec. IV we present the expressions for the growth rate
promising process for manufacturing fibers with cross-and the wavelength of small electrically driven bending per-
sectional diameters of about?i8m.! Mechanics of this pro- turbations of an electrified liquid column. In Sec. V solvent
cess deserve a special attention, since there is an urgent negdhporation and the related solidification processes are ac-
for predictive tools to develop deeper understanding and opsounted for. Examples of calculations are shown, discussed
timization. As was shown in a recent publication of thisand compared with experiment in Sec. VI. Conclusions are
group? the bending instability of electrified polymer jets drawn in Sec. VII.
plays a central role in the electrospinning process. This re-
lates the electromechanical aspects of the process to the pio-
neering studies of Tayldrof the instabilities of electrified || LOCALIZED APPROXIMATION
liquid jets of low-molecular mass Newtonian liquids. In par-

ticular, Taylof recognized that bending instability can occur, ~ In the dynamics of thin vortices in fluids the localized-
and derived a characteristic equation for small bending perinduction approximation is widely used to describe velocity
turbations of an inviscid liquid column. induced at a given vortex element by the rest of the vortex

in@ 6-10 -
Discretized equations describing the dynamics of thdin®- A similar approach may be used to calculate the
bending instability of electrified jets of polymer solutions electric force |_mposeq on a given element of an electrified ]gt
were proposed and solved in Ref. 2. In the present work Wgy the rest of it. Consider an enlarged element of a curved jet

elucidate the relation of these equations to the quasi-ones-lhownt;]n F'gt 1'.er assijhme tha}[t tf|1e arc Ien@t:a recl;otr;led |
dimensional partial differential equations of the dynamics o Orr]l?wherje _aé(lsiNrogn N ? cﬂe1n ra (;g?ﬁstse(i loﬂ ?1 d elene-
thin free liquid jets. The latter were proposed and use € er&=0. We denote the coordinates reckoned along

Lo . . ; .~ the normal and binormal by andz, so that the radius vector
mainly in the studies of the aerodynamically driven bending . _
instability of liquid iets moving in air with hiah enouah of point A on the surface of the elemeRt,=yn+zb. The
! G‘I"LyTh |qu'| é.ff v g 'lw ! \g: Ilgt icall ug Olradius vector of poinB at the jet axis close enough to the
speed. ? main . ! er_ence e e_en_ € electrically and g oment considered is thus given by
aerodynamically driven instabilities is in the nature of the
destabilizing force. In Sec. Il of the present work we intro-  Rog=7¢+ 3 |ko| £2n, 1)
duce _a localized approxmatlon Igadlng to a_ very simple ex_\fvhereko is the curvature of the jet axis at poi@tand ris a
pression for the bending force acting on the jet due to mutual .

. . . : . unit tangent vector. Therefore

Coulomb interactions. Using this force, in Sec. Ill we formu-
late the continuous quasi-one-dimensional partial differential  Rga=Roa— Rog=[Y— 7 |Ko| £2In+zb— #¢. ()

equations of the dynamics of bending electrified jets. Wepengte the cross-sectional radius of the jet element by a,

assume that charge is uniformly distributed over the jet sur-
dElectronic mail: dhr@polymer.uakron.edu face with the surface densitye, and denote the charge per

0021-8979/2001/89(5)/3018/9/$18.00 3018 © 2001 American Institute of Physics
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era) direction to the jet axis. The magnitude of the net force
acting on a jet element due to the action of the surface ten-
sion forces is equal to

®

F=maosqs— maot= maoc|k|nd¢,

where o is the surface tension coefficient.

Therefore, the net normdlatera) force acting on a jet ele-
ment is given by the sum of the electric and surface tension
forces, Egs(7) and(8), as

dF=|k|ndé . 9)

5 L
maoc—en—
a

The cutoff lengthL is still to be found. It will be done below
in Sec. IV.

FIG. 1. Sketch of an enlarged element of a curved jet and the associated

normal, binormal and tangent vectarsb, and 7.

unit jet length bye=2maAe. Then the Coulomb force act-
ing at a surface element near poitfrom the jet element
situated near poinB is given by
_ed§~Ae-ad0d§
®" [Real®
where 6 is the polar angle in the jet cross section.

Substituting Eq.(2) in Eq. (3) and accounting for the fact
thaty=acos#, andz=asin#, we obtain from Eq(3)

dFgp=edéAe-a

[(acosf—|ko|&2/2)n+asinb— 7¢]
[a%—a cosh|ko| &2+ |ko|?E44+ £21%%

(4)

)

BA

xXdedé

IlI. CONTINUOUS QUASI-ONE-DIMENSIONAL
EQUATIONS OF THE DYNAMICS OF ELECTRIFIED
LIQUID JETS

For very thin jets we can neglect, in the first approxima-
tion, the effect of the shearing force in the jet cross section,
as well as the bending stiffnegRef. 5, p. 49. If we use a
Lagrangian parameterfrozen” into the jet elements, then
the momentless quasi-one-dimensional equations of the jet
dynamics(Ref. 5, Eq.(4.19 p. 49 take the form

)\f:)\ofo, (108)
oV JP
, L Uo
X| mac—e Ina n—)\eFk. (10b)

For a thin jet, asa—0, all the terms containing a in the Equation (104 is the continuity equation with being the
numerator of Eq.(4) can be safely neglected, also in the geometrical stretching ratio, so thetis=d¢, and f=ma?

denominator the terma-cosélky|& is negligibly small as

the cross-sectional area. Subscript zero denotes the parameter

compared te”. Then using Eq(4) we calculate the electric yajyes at time = 0. Equation(10b) is the momentum balance
force acting on a particular element of the jet, assuming thagquation withp being the liquid densityy its velocity, P the

the length of the element id2 with L being a cutoff for the
integral, to be determined later on

2 L
Fe|:f dGJ dFAB
0 —-L

— 76— |ko| £2n/2

L
:ezdffLdf[a2+§2+|k0|2§4/4]3/4- 5
The latter yields
Fei=e’dé " dx _T); 3 |kO|X22n/§2 . (6)
—L/a |a(l+x9) (1+x9)

longitudinal force in the jet cross sectidof viscoelastic ori-
gin in the case of electrospinning of polymer jetgk gravity
accelerationJ,/h the outer field strengtfthe outer field is
assumed to be parallel to the unit vedtomwith U, being the
value of electrical potential at the jet origin, ahdhe dis-
tance between the origin and a ground plateis empha-
sized that on the right-hand side of the momentum (EQb)
we account for the longitudinal internal force of rheological
origin acting on the jetthe first two termj the gravity force
(the third term, the bending electrical force and the stabiliz-
ing effect of the surface tensidithe fourth term following
from Eq.(9)], and for the electric force acting on the jet from

The force in the axial direction obviously cancels, whereaglectric field created by the potential difference of the start-

the force becomes

L
g)|k|nd§- )

Fei=—€%n

ing point of the jet and the collector.
Equations(10) are supplemented by the kinematic relation

IR
— =V, (12)

This shows that the net electric force acting on a jet element

is related to its curvaturke=kg, and acts in the normalat-

whereR is the radius vector of a point on the axis of the jet.
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Introducing the Cartesian coordinate system associated gy

with a capillary(the jet origin or a ground plate, with unit T (139
vectorsi, j, andk, and accounting for

R=iX+]Y+kZ, (129 9z

V=iu+jv+kw, (12b

we obtain from the projections ¢10b) and(11) the follow-  The following geometric relations should be added:
ing system of scalar equations:

2 2 2\1/2
Nofos = e TE Ak Prg A K e e
Pholo 3 = T [k|Pny+ N [K| L ox
, L =Y Jg (14b
X| maoc—e Ing Ny, (13a
d JP LY (1490
U TY:__, C
IR N Js
p)\ofo(}t TY(?S +>\|k|Pny+)\|k|
, L _1 iz 14
X | mac—e Ina Ny, (13b) 25N T (140
oW JP
_ 1 o7
p)\ofo_—TZ_+)\|k|Pnz+)\|k| :__X
ot Js Ny |k|7\ s’ (146
, L Ug
X| mac—eln — nz—pg)\ofo—xew, 1 dry
(130
at =u, (130 nZ_|k|)\ s (149

= (XA Y5+ Z2) (Xoet Yt 250 = (X X 65 Y oY o6+ Z Z 592 ?
(Xt Y4+2Z%)° ‘

S

(14h)

Also assuming the simplest version of the upper-convectedan be found in Ref. 11.

Maxwell model of viscoelasticity properly fitted to describe Also the equation of the charge conservation in a jet element
uniaxial elongatiorf;> we obtain the equation for the normal holds

stress in the jet cross-section,

do .. 1on G

ot —GX i ;O'TT, (15 eN=¢€ghg. (18

whereG is the modulus of elasticity, and the viscosity, and

The system of the equations presented in this section allows
. (16) one to find the jet configuration in space at any moment of
time. It is emphasized that the equations used in Ref. 2 to
calculate the jet evolution in electrospinning represent a dis-
cretized form of those presented here. In Ref. 2 the equations
Nofo were derived considering the jet to be a locus of inertial
—7) 9 7 electrically charged beads connected by the spring and dash-
pot viscoelastic elements. The only difference is in the fact
It is emphasized that in Eq17) there actually should stand that here the bending electric force is calculated using the
the normal stress difference,,— o, instead ofo,,. How-  localized approximation with an appropriate cutoff of the
ever, in strong uniaxial elongational floslectrospinning is integral (cf. Sec. I), whereas in Ref. 2 the whole integral
an example of such flowthe axial componentr..> o, responsible for the electric force was accounted for in the
and the latter can be neglected. A detailed proof of this factliscretized form.

1N XUgtYovtZowg
Nat A2

Then the longitudinal forc® is given by
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IV. GROWTH RATE AND WAVELENGTH OF SMALL 4 2n(L/
, . 3 X o €gln(L/ag) 5

BENDING PERTURBATIONS OF ELECTRIFIED Y+ oz vt a3 ————|x*=0. (22)

LIQUID COLUMN pao P3o mpag

. This equation is to be compared with the characteristic equa-
driV(ler; jitefbsén?jir?gm\?vai éheesctrri]tfg(;y|r?ihtgtec:;eéogmatr:Ifhaéliléiﬁon for electrically driven bending perturbations of an invis-
curvature, a distributed lift force acts on the (et a conse- Cid liquid (1=0) column derived by Tayldifhis Eq.(12)]

Expanding that equation in the long-wave limit @as-0, we

quence of the B_ernoulll equation for air fI()),vw_vh|ch €N find that it reduces to Eq22) with the termin(1/y,) in-
hances per;urbatlo_ns and makes_ the pertu_rbatlons grow. T%?ead ofin(L/ag). This fact defines the cutoff length since
aerodynamic bending force per jet lengtf in the case of the result of Tayldt is exact. Thus takingln(L/ay)
small bending perturbations is given“sy ’ 0

=In(1/x,) and neglecting the minor surface tension effect

Fooe —pavgrraglklndf, (19) in Eq. (219, we reduce the latter to the form
| o | 8 pey (1]
wherep, is the air densityV, is the jet velocity, andy the X =[§ — —In(—” , (23
jet cross-sectional radius which does not change for small o X
perturbations. which is the equation defining, (and thusl). Taking the

This force is the only difference between the same values of the parameters as before, as welp as
aerodynamic-and electric-driven bending. Comparing(Bg. =1g/cn? and w=10'g/cms) (remind that e,
(with e=ey) with Eq. (19), we see that all the results ob- =2120.5(gcmi'¥s), we reduce E¢23) to the form
tained in Refs. 4 and 5 for the aerodynamic bending may 1|16
also be used here in the case of electric bending, if one X*=0_48:{|n(_) , (24)
replaces the factow,V3 by e3ln(L/ay)/7a3.

Dynamics of small bending perturbations was studied inyhich yields y, =0.462.

Refs. 4 and 5 accounting for the shearing force and momentherefore the wavelength of the fastest growing perturbation
in jet cross sectiofthus, accounting for the bending stiffness |, =24.0.015/0.4620.204cm, and the cutoff length

in the equations generalizing E¢L3)]. For example, the =| /27=0.0325cm. Comparing the latter with the jet
case of viscous Newtonian fluid was considered. We recasiross-sectional radius,=0.015cm, we see that the cutoff
these results here for the case of an electrified liquid columiength is very short, of the order af,.

Xx

of Newtonian fluid of viscosityu. This, in particular, gener- Based on the results of Refs. 4 and 5, it also follows that

alizes the results of Tayldtto the viscous case, and allows the bending perturbations of highly viscous liquids grow

us to find the cutoff length. much faster than the capillary onédriven by the surface
Recasting the results of Refs. 4 and 5, we find that theension, if the condition

destabilizing electric force overcomes the stabilizing effect 2

of the surface tension if TR (25)

>
pegin(L/ap) 1

> rago. (20) s fuffilled.
For the values of the parameters used in the present section,

the left-hand side of E¢25) is equal to 90.7, which shows
that the inequality(25), indeed, holds. Therefore such a jet
bends with a nearly constant radius.

L
e%ln(—
Qo

If we assumeay=0.015cm, and the jet charge of 1
Coulombl/l, there,=2120.5 (g cmi*'s. Below we show that
a reasonable value df is L=0.0325cm. Using it for the
estimate, we find thategln(L/ao)=3.465< 10° gcm/$,
whereas rago=3.3gcm/é for o=70g/$. Therefore, in
this case the inequalit§20) definitely holds and the bending In Ref. 2 calculations of the bending polymer jets in the
instability should set in and grow. electrospinning process were done neglecting evaporation

From the results of Refs. 4 and 5 we obtain in theand solidification effects. We account for them in the present
present case that the wave numhgr and the growth rate work.

v, Of the fastest growing bending perturbation are given by  In Ref. 12 the following correlation is given for the Nus-
selt number for a cylinder moving parallel to its axis in air:

V. EVAPORATION AND SOLIDIFICATION

27 42 1/6
e gp_azo &intiag) o ’ ' (21a Nu=0.42 R&3, (26)
Ta, a
# 0 0 where the Reynolds number R&2a/v,, a is the cross-
[e2In(L/ag)/ mag—o]?3 sectional radius, and, the kinematic viscosity of air. The
Ve = 0 73 (21 Nusselt number is the dimensionless heat transfer coefficient

(3upay) describing heat transfer rate.

Taking the Prandtl number of air to be=0.72, we can
generalize the correlatiof26) for an arbitrary value of the
Prandtl number as

Herex, =2magy/l, , wherel, is the wavelength of the fast-
est growing perturbation.

The resultg21) correspond to the maximum of the spectrum
¥(x) given by the characteristic equation Nu=0.495 Re"3pPrt2, (27
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Similarly to (27), we take the following correlation for the viscosity remains at a constant value. This cutoff can be

Sherwood number: rationalized by the assumption that further evaporation is
Sh=0.495 Re¥3. S¢2 28) reduc_eq because the diffusion coefficient of solvent in the

remaining polymer is small.

where Sk=h,2a/D,, whereh,, is the mass transfer coeffi- When evaporation is accounted for as per B4), the

cient for evaporationD , is the vapor diffusion coefficient in left-hand sides of the equatiori$0b), and (138—(13¢) be-

air, and the Schmidt number Sae,/D,. The Sherwood come, respectively

number is the dimensionless mass transfer coefficient de-

scribing the evaporation rate. o IfAv (353
Correlations of the type of Eq$26)—(28) are valid for ot '’
air (Pr=0.72) for Reynolds number in the range=Re ¢
<60. For a<102cm, V~10°-1Ccm/s and v, pa AU (35b)
=0.15cnd/s, the Reynolds number is ¥Re<10* which ot
corresponds approximately to the range of validity. JEN
The initial mass of polymer in a jet element is given by p v (350
at -’
M p0= pfo)\od S:Cpos (29)
wherecy is the initial polymer mass fraction. The variable pM. (350)
solvent content in the element is ot
Ms=pfrds—pfohgds: cp, (30) Also the gravity term in(13¢) should contairf\ instead
. . of fghg, since due to evaporatiof\ is not equal tof g\ g
which corresponds to the solvent mass fraction anymore
foko If the discretized versidnof the model is used in Eq.
Cs=1= =3 Cpo- (1) (34) is replaced by the distance between two adjoining
beads.

The solvent mass decreases due to evaporation according to The |ocal polymer mass ratio in the jet is given by
the equation
Iy foko (36)
Cp=Cpo— -
&tS: —ph[Cs e T) —Cs]2malds, (32) PR

We account for the solidification process due to solvent
evaporation by employing the following correlation for the
viscosity dependence on polymer concentration:

wherecs o T) is the saturation vapor concentration of sol-
vent at temperatur&, andc,, is the vapor concentration in
atmosphere far from the jet.

For water as a solvent,'Ref. 13, for example, recom- w=10"x 108 (37)
mends the following expression fag ¢(T):

1 with m=0.1-1.
Cseq= rat@ot T[ag+ T(a+ T(ag+ T(ag+T The value of the parametds is estimated as follows.
1013 According to Ref. 12p. 32, whenc,, is doubled, viscosity
X (ag+asT)N1}, (33) of the solution increases by a factor in the range of 1¢-10
Using the value 1®and assuming that, increased from 0.1
27,=16.107799961, to 0.2, we find form=1 that B=20. The value ofB
a;=4.43651852k 10 1, =17.54 corresponds to the factor of 10 ame-0.1. There-
a,=1.42894580% 10 2, fore the order of magnitude estimate Bfyields the value
a;=2.65064873% 10 4, B=0(10). The value ofA is unimportant, since the initial
a,=3.031240396 10, value of the viscosityuo=10"x 108%0 is assumed to be
as=2.03408094& 108, known and is used for scaling. On the other hand, the relax-
a5=6.13682092% 10~ 1%, ation time ¢ is proportional toc, (Ref. 5. Therefore
whereT is taken in degrees Celsius. 0 _c (39)
Concentrationcg,, is equal to a relative humidity in atmo- 6o Cpo’

sphere. . L
Substituting Eqs(28) and(30) in Eq. (32), we obtain the Whe{% the 'no'lt'?l relafxaflon.tllme'slfr; Eno/wn. Renderi h
equation describing variation of the jet volume 1 modulus of elasticity 15=x 0. endering the
equations of the problem dimensionless as in Ref. 2, we

JfN btain the rheological constitutive E€L5) in the followi
— _D,.0495 Re”SSc”Z[cs,eq(T)—csm]w)\. (34 obtain rheological constitutive E(L5) in wing

ot dimensionless form:
Solvent mass decreases until the solvent mass ratio defined i N G
by Eg. (32 becomes small enouglsay,c,=0.1), at which T —G——7,,. (39

point the evaporation part of the calculation is stopped and at Nt M
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HereG is rendered dimensionless By= uq/ 6y, andu by 20
Mo. Therefore 18 I
_ 10B(cp0) 1
G=——F——, 40
Cp/Cpo (40 14
= 10P o) (4D) "
£
with B=0(10). NI
All the dimensionless groups introduced in Ref. 2 contain 8
now uo andGy. Two new dimensionless groups appear: the 6
Deborah number
4
Mol Go \
- aﬁ/Da (42) 2 19, X(cm)
0 -10
representing the ratio of the relaxation tirdg=u,/Gg to 10 s 0 N o
the diffusional characteristic time3/D,, and Y (cm)
I-ela-O
o= (rolGo)va’ “3 (@)

The latter is based on the “electric” characteristic length 160

introduced in Ref. 2. The groufis involved in the calcula- |
tion of the Reynolds number Re. The model of Ref. 2 up-

dated to account for solvent evaporation was used for the 155
calculations in the present work.

VI. RESULTS AND DISCUSSION 15.0

Z (cm)

A. Jet path calculated for the electrically driven
bending instability accounting for evaporation and

solidification
14.5

As was shown in Ref. 2 the qualitative pattern of the jet
behavior in the electrospinning process can be drawn without
accounting for evaporation and solidification. Only a quanti- /
tative comparison can be made for the solidification. Such a

) o0 X (cm)

MO ——>5 5 0 0 20 30 00

comparison is the aim of the present section. Also, a com- Y (cm)
parison between the results obtained with and without ac-
count for evaporation and solidification will be made here. (b)

Calculations of the present work were done for an aque- _ _ o
ous solution with initial 6% concentration of thh lene FIG. 2. (a) Jet path calculated accounting for evaporation and solidification.
) . . . p y ’ (b) Jet path calculated without accounting for evaporation and solidification.
oxide) studied experimentally in Ref. 2, as well as in the
present work. In Ref. 2 the following values of the dimen-
sional parameters were established: the initial cross-sectional  Figure 2a) shows the path of the jet calculated account-

radius ag=150um, the densityp=_10"kg/m®, the surface ing for evaporation and solidification, whereas Fi¢b)avas
tension ¢=0.07kg/$, the initial viscosity o  calculated without accounting for these effects. Due to
=10°kg/ms), the initial relaxation timefo=10ms, the evaporation and solidification each loop of the jet becomes
charge density @/I, the distance to the collecting plate  more viscous with time, and its elastic modulus increases. As
=20cm. In the calculations of the present work we took theg result, the bending stiffness increases, and the radius of the
field StrengthUO/h=1.5 kV/m. In the eXperiment, the elec- bending |00ps in F|g @) (Wlth e\/aporation and solidifica-
tric field was 50 kV/m. The values of the dimenSi0n|ESStion) is smaller than that of F|g(B) (W|th0ut evaporation
groups introduced in Ref. 2 are now based on the initialand solidification. The radius of the bending perturbations
values of the dimensional parameters and are equ&® to of the jet calculated accounting for the evaporation and so-
=F,e=78359.57,V=47.02, A=17.19, Ks=100 andH |idification effects is comparable with that found in the ex-

=626.88, whereak=0.319cm. We also take a humidity periment(cf. Fig. 3, which is illustrated in the following
of 16.5%,cs,,=0.165, and a temperature of 20 °C. The bestsypsection.

representation of the envelope cone of the bending |
below) was found aB=7 andm=0.1 in the solidification
law (37), (40) and (41), which agrees with the estimates
known from literature and those discussed in the previous Shape of the envelope cone can be easily seen by a na-
section. These values were used in the present calculation&ed eye, or using a camera with long exposure tiofeFig.

B. Envelope cone
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—— 10

8 Theory, without
evaporation

Theory, with
evaporation

Radius of the envelope cone (cm)

Experiment
0 2 4 8 8 10 12 14 16 18
MW Distance from spinneret (cm)

i FIG. 5. Shape of the envelope cone: experiment vs theory. Points show
-~ calculated radii of successive loops. Experimental points were measured
from a photograph.

The calculations showed that evaporation and solidifica-
. 5 mm tion have a strong effect on the predicted shape of the enve-
- lope cone. Two theoretical curves: without evaporation and
e solidification, and with this effect accounted fom€0.1)
FIG. 3. Image of the electrically driven bending instability taken near the@l'® presented In F|g'. S. Itis Cle.ar_l}_/ Se.en that the r_eSUIt ac-
end of the straight part of the jet in experiment. counting for evaporation and solidification agrees fairly well
with the experimental data.
The envelope visible in the experiment does not extend
. . : T . beyond a radius of about 3 cm, whereas the theory allowed
4). The two bright lines bifurcating in Fig. 4 from a point f]pr the further growth of radius until 10 cm. The reason may

emphasized by the arrow resulted from specular reflection (})e that after the jet had solidified in the experiment, it be-

light from segments near the maximum lateral excursion o o
. came much more rigid, i.e., unstretchable. On the other hand,
each loop. Each loop moved downward during the long ex- . : e
. . . in the theoretical calculations the solidified jet is still de-
posure time of the camera and created the bright lines seen I

Fig. 4, which define the envelope cone of the bending jeFcnbed as a liquidalbeit highly viscous, with a high elastic

. L . . modulusg, which still allows for some additional stretching.
during the electrospinning process. For comparison with th : -
. . ctually, the comparison in Fig. 5 shows that the calcula-
results of the calculations, the generatrix of the envelop

cone in Fia. 4 is also represented in Fig. 5 Sions should be stopped as the radius of the envelope cone
9- P g has achieved the value of 3—4 cm.

C. Jet velocity

Downward velocity in the electrified jet was measured
by following the downward motion of a loop. The compari-

20
16 A Theory
@
é 12 4
2
3 84
]
>
4 Experiment
a hd hd e P a - °
0
0 1 2 3 4 5
FIG. 4. Shape of the envelope cone created by the electrically driven bend- Time (ms)

ing instability. The complicated image in the lower part of the figure is a
consequence of the long exposure titrel6 m9 used to observe the enve- FIG. 6. Downward velocity of the jet: experiment vs theoy=7,
lope cone, and the time varying path of the jet in that region. m=0.1.
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FIG. 9. Calculated viscosity along the jét-6 ms,B=7 andm=0.1. The
4 X (cm) calculated radius of the envelope cone continued to grow after the viscosity
8 reached the plateau.
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FIG. 7. Stretching of a segment of the jet. Each solid line represents
trajectory of one of the two successive beads. The dashed lines represent the

segment of the jet between the successive beads. The length of the segment The theoretical results suggest that Stretching of material
increases with time as a result of the jet stretching during the course ofI ts al the iet Kes it ible t hi high
electrospinningB=7, m=0.1. The projection of the bead positions onto the elements along the jet makes It possible 1o achieve very hig

X-Y plane are shown by the gray symbols. draw ratio values in the electrospinning process. In the cal-
culation the initial distance between two successive beads
was 3.9% 10 “*cm, whereas the final distance between the
same two beads was 13.92 cm. Assuming that the initial

N of the experimental and theoretical results is shown ir5>olymer concentration in the jet was 6%, the cross-sectional
son of the experimental ar eoretical resufts 1S sho adius of a dry fiber &;) after elongation and solvent evapo-
Fig. 6. The velocity is practically independent of time in both

) : ._ration have been completed is related to the initial radius of
experiment and theory. The theoretical value of the veIOC|tythe et @) by the material balance equation
0

overestimates the measured value by a factor of 4. Given the
fact that the values of several governing parameters used in ) ) ,

the experiments are only order of magnitude estimates, the 7af-13.92=7a;-3.99107"-0.06. (44)
discrepancy represented by the factor of 4 is not dramatic.

Comparing the results shown in Fig. 6 with those shown inFor a;=150um this yieldsa;=196.7 nm. The correspond-
Fig. 18 in Ref. 2, we can conclude that accounting for theing draw ratio due to elongatiofcf. Ref. 2 is equal to
evaporation and solidification improves the trend of the pre{a,/as)?- 0.06=34 815.

dictions. In the present work the downward velocity is al- Figure 7 shows the calculated trajectories of two succes-
most constant, as in the experiment, whereas in Refith-  sive beads of the jet in the course of electrospinning. The
out evaporation and solidificatiprit was increasing with trajectories are shown by solid lines, and the positions of the
time. It should be noted that direct comparison with the re-beads by black squares and circles. The lines that have
sult of Ref. 2 is impossible since some of the governinglonger dashes connect the positions of the adjacent beads. To
parameters were different. simplify, not every connection is shown. The projections of
the dashed line ontX-Y plane are shown by the lines with
shorter dashes. Thé-Y projection of the bead positions are
shown by gray squares or circles. The dashed lines connect-
ing the two beads at a given time represent the elongating
segment. Its increase in length illustrates stretching of the jet
element between the two beads. The initial distance between
the beads was 3.9910 % cm, as mentioned above. The time
interval covered by Fig. 7 is 6.5 ms. The corresponding draw
ratio is shown in Fig. 8 versus the vertical distance of the
segment from the tip. It is instructive to see the envelope
cone, toa(the dashed line in Fig.)8since it shows where the
draw ratio grows. Along the straight part of the jet, which is
about 6 cm long, the draw ratio achieves a value of about

Elongation and drying of the jet

40000 12

draw ratio, .
without evaporation.

draw ratio,

30000 with evaporation

20000 -

/ L6

/envelope cone | 4

Draw ratio

10000 -

Radius of the envelope cone (cm)

0 ——— 0 1000. In the bending loops inside the envelope cone the draw
°© 2z 4 6 8 10 12 14 16 18 ratio increases, by another factor of 25, to the value of
Distance from spinneret (cm) 25000. Without evaporation and solidification in the model,

FIG. 8. Calculated draw ratio of a segment of the jet along its lerigth. the draw ratio E)ftraCtEd from the C?|CU|ati0n in Ref. 2 in-
=7, m=0.1. The dotted line was generated using the results from Ref. 2. creased very rapidly, as shown in Fig. 8.
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E. Viscosity profile in the bending jet also allow for the calculation of the elongation of material
elements of the jet. The calculated results also illustrate the
increase in viscosity of segments of the jet as the solvent
porates during the course of electrospinning.

The distribution of the viscosity along the jet &t
=6 ms is shown by the solid line in Fig. 9. Viscosity slowly

increases along the straight part of the jet. When bendin§¥@P° : . .
g gnt p J 8 It is emphasized that presently, information on the rheo-

perturbations begin to grow rapidly, velocity of the motionI ical behavi £ ol lution bei | ted at th
increases, and the evaporation process strongly intensifies. fygical behavior ot polymer sofution being elongated at the

is clearly seen when comparing the viscosity profile with tha{ate and other conditions encountergd during elgc.tr'ospinning
of the envelope cone shown in Fig. 9 by the dashed line. Fad$ rather scarce. Data on evaporation and solidification of

evaporation strongly increases the polymer fraction in the jetpolllymer sol_llth)olns _'I_T] thef eIect:ospmmrlg process arfetﬁracn-
which leads to solidification manifested by the appearance ofa!ly unavaiable. therelore at present a number ot the pa-
ameters in this calculation can only be estimated by the

the high viscosity plateau at a distance of about 2 cm fro ) X .
the beginning of the envelope cone. The calculation ShoWearder of magnitude, or found from experimental observations
f the electrospinning process. Material science data ac-

that at the beginning of the viscosity plateau, nanofibers havg' T .
uired for the electrospinning process will allow researchers

already been formed, since the cross-sectional radius of tht% id h obstacles in fut Al detailed d
fiber is already reduced to about 640 nm. 0 avold such obstacles in Tuture. AlSo, a more detailed de-

scription of the nature of the solve(ih this case, mixture of
VIl. CONCLUDING REMARKS water and ethanol with a variable evaporation yatay be
very helpful for a further upgrading of the present model.
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