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ABSTRACT: The profiles of PLA/PVA filament parameters (e.g., temperature, velocity, tensile stress, and apparent elongational viscosi-
ty) along the spinline in the low-speed melt spinning process under various spinning conditions were investigated. Owing to the
combination of the filament velocity and filament temperature measurements using laser doppler velocimetry (LDV) and infrared
thermography, respectively, the fiber formation zone was determined. The length of the fiber formation zone obtained from filament
velocity profiles Lg, is always shorter than that obtained from the filament temperature profiles Lsr (Lsy < Lgt). Obviously, this unex-
pected phenomenon occurs for low spinning speeds due to the axial heat conduction effect of the filament along the spinline and the
nonuniform radial temperature distribution through the cross-sectional thick filament. Another remarkable finding is related to the
Nusselt number which has been found as nearly constant along the spinline in the low-speed melt spinning process. Thus, mathemat-
ical simulations of the filament temperature profiles will be simplified drastically. © 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016,

133, 44258.
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INTRODUCTION

The melt spinning process of polymer blends resulting into
micro-/nanofibers has been known since 1960s and the first pat-
ent of the fibrillation of polymer blends in elongational flow was
issued to Miller and Merriam in 1963." Polymeric micro-/nano-
fibers obtained by melt extrusion and melt spinning of polymer
blends with further extraction of the matrix polymer have become
again the subject of intensive investigations over the last 5 to 10
years due to a tremendous increase for economic and environ-
mental concerns.”™ Recently, a novel and simple fabrication pro-
cess for producing biodegradable and biocompatible nanofibrillar
poly(lactic acid) structures from poly(lactic acid) (PLA) and
poly(vinyl alcohol) (PVA) blends has been successfully developed
by using the conventional melt spinning method of polymeric
fibers on the industrial-scale melt spinning device with twin-screw
extruder.® Thus, for the first time, different PLA/PVA filaments
with different finenesses were fabricated. The produced PLA fibrils
after removing the PVA matrix from PLA/PVA filaments were in
nanometer range with an average diameter varying from 44 to
85 nm depending on take-up velocities and draw ratios. The PLA
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scaffolds made from PLA/PVA filaments could be promising can-
didates as scaffolds for tissue engineering due to their outstanding
biocompatibility and a large-surface-area-to-volume ratio.

Our recent study’ focused on the understanding of the mor-
phology development of PLA/PVA blend and the mechanism of
the fibrillation process within fiber formation zone. It was
found that during melt spinning, the rod-like structures of the
dispersed PLA phase in PLA/PVA blend are stretched and coa-
lesced to form continuous long thin nanofibrils. Although this
study’ has been limited for the special spinning condition with
the take-up velocity of 50 m min~ ' and the mass flow rate of
1.0 g min~, it confirms that melt spinning is an effective meth-
od to form the dispersed phase into continuous fibrillar struc-
tures due to the presence of an elongational flow. The increase
of the velocity and tensile stress in the fiber formation zone are
mainly responsible for the stretching and coalescence of the dis-
persed PLA phase into nanofibrils in the PVA matrix of polymer
blends.

However, there are still many questions to explore: can the short
rod-like structures of the dispersed PLA phase always form the

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.44258


http://www.materialsviews.com/

ARTICLE

long thin fibrils with different flow rates and/or take-up veloci-
ty? Are the sizes (lengths and diameters) of the final PLA nano-
fibrils caused by only the deformation of their initial sizes at die
exit or by the combination of the deformation, coalescence, and
break-up processes? Can the changes in spinning conditions
control the deformation, coalescence, and break-up processes of
the dispersed PLA phase in PLA/PVA filaments within fiber for-
mation zone?

To answer these questions, our current research activities simul-
taneously focus on both the study of morphological develop-
ment of PLA/PVA blends at different location along the spinline
under different spinning conditions and on the characterization
of profiles of all filament parameters such as filament tempera-
ture, velocity, diameter, tensile force, tensile stress, and apparent
elongational viscosity. It is well known that during melt spin-
ning, the morphology development of polymer blends along the
spinline is caused by the changes of these filament parameters.

This article, as a first part in a three-part series of our current
studies, presents the results regarding the characterization of
PLA/PVA filament parameter profiles along the spinline in the
low-speed melt spinning process under different spinning con-
ditions. Special attention of the characterization activity of the
filament parameter profiles was given on the determination of
the fiber formation zone, where the fibrillation process of the
dispersed PLA phase mainly occurred. In this study, the length
of fiber formation zone was determined from both filament
velocity and filament temperature profiles. The filament velocity
profiles were obtained by measuring the filament velocity using
the laser doppler velocimetry (LDV). The filament temperature
along the spinline was investigated using the infrared thermog-
raphy. Based on these experimental results of filament tempera-
ture, the Nusselt number, which describes the heat transfer
from filament surface into the surrounding air, was determined.
The Nusselt number is found to be nearly constant along the
spinline in the low-speed melt spinning process. This drastically
simplifies mathematical simulations of the filament temperature
profile along the spinline.

THEORETICAL CONSIDERATIONS
OF THIN-FILAMENT-MODEL

Mathematical models of the dynamic of the fiber formation in
the melt spinning process are often described by using the thin-
filament model with assumptions: uniform distribution of axial
velocity and temperature across the filament. In other words,
radial distribution of axial velocity and temperature are
neglected.® The thin-filament model is based on the following
simplifying assumptions: (i) vertical spinline, and (ii) the steady
and incompressible melt flow.

The following subsections review briefly the basic balance equa-
tions of the thin-filament model of the melt spinning process
that describe deformation, cooling, and stress development pro-
cesses of filaments. More complete and accurate details of math-
ematical modeling were discussed and reviewed in four
monographs by Ziabicki in 1976,” Ziabicki and Kawai in
1985,'° Nakajima ef al. in 1994,"" and by Beyreuther and Briinig
in 2007."?
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Mass Balance Equation
The mass balance is described by the continuity equation of the
melt spinning process:

Q=0p(x) - A(x) - v(x)= constant or (1)
Q=0p(x) - ED(x)Z v(x) (2)

where Q is the mass flow rate, gp(x), v(x), D(x), and A(x)
denote, respectively, the mass density of polymer, the filament
velocity, the circular cross-sectional diameter, and the cross-
sectional area of filament at a distance x from the spinneret.

Force Balance Equation

The force balance equation can be used to determine the forces
acting on the filament and was introduced for the first time by
Ziabicki.'> The force contributions are given as follows'':

F(x) :FL_Fgrav (x) +Fsurf(x) +Faero(x) +Finert(x) (3)

where F; is the take-up force, applied to the filament by the
take-up device, Fyuf(x) is the surface tension force, Fgy(x) is
the gravitational force, Fe0(x) is the air drag force, and Fier
(x) is the inertial force. These forces at any distance x from the
spinneret can be expressed as follows:

Fyrav(x)= K 0p-g- V/v(%).dx (4)
Fourg (%) =T0-Cgurs - (Ry—R(x)) (5)

Fuo (x) =21 L R(E) - B 2(%) g (x) - di ()
Finert (%) =Q - (v(x) =) (7)

where, V is the volumetric flow rate, v is the velocity of fila-
ment, GOy is the surface tension of the material, Ry is the ini-
tial radius of filament, @ ; is the mass density of air, and ¢ is
the friction coefficient of air. The air friction coefficient ¢
describes the friction-caused momentum transfer between fila-
ment surface and ambient air. The air friction coefficient ¢
depends on the state of air flow surrounding the filament with-
in fiber formation zone. Experimental investigations on air fric-
tion forces acting on the running filament by Hamana'* led to
the often used following equation:

¢;=0.37 - Re” ¢! (8)
where Re denotes the dimensionless Reynolds number. The

Reynolds number itself is given by

— Quir - V(%) - D(x)
MNair

Re(x) )

where m,;, is the dynamic viscosity of air.

Energy Balance Equation
Based on the energy balance equation,’ the change of the fila-
ment temperature is given by
dT(x)
dx

— (T(x)~ T (). N, ey AH e

" Q.cp ¢ dx (10)

where T, (x) is the temperature of surrounding air, A, is the
heat conductivity of air, Q=Q,.V is the mass flow rate of poly-
mer in which gp is the mass density of the polymer blend, and
V is the volumetric flow rate, cp represents the specific heat
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Table I. Melting- and Glass Transition Temperatures of PLA, PVA, and
PLA/PVA 30/70 Blend

PLA PVA PLA/PVA 30/70
Melting temperature (°C) 160 174 160 and 176
Glass transition 61 34 55and 41

temperature (°C)

capacity of the polymer, AH is the heat of fusion and X, is the
crystallinity degree, and N, is the Nusselt number, characteriz-
ing the heat transfer from filament surface into the surrounding
air. The Nusselt number N, for air flowing parallel to a cylinder
is often calculated using the following common equation that
was developed by Kase and Matsuo'”:

N,=0.42 - Reﬁ‘334 (11)

where Re| is the Reynolds number related to the parallel air
flow that can be calculated using the above eq. (9).

EXPERIMENTAL

Materials and Blend Preparations

The PLA 6202D (purchased from NatureWorks LLC) and the
PVA (Mowiflex TC 232, kindly donated by Kuraray Co., Ltd,
Japan) were used for the melt spinning of PLA/PVA blends.
Table T summarizes the melting temperatures and glass transi-
tion temperatures of the PLA, PVA, and PLA/PVA 30/70 blends
obtained using different scanning calorimetry (DSC).

The PLA/PVA blend pellets at weight ratio of 30/70 were melt
compounded using a HAAKE Poly Lab OS twin screw extruder
(PTW 16/25, Thermo Fisher Scientific Germany BV & Co KG,
Braunschweig, Germany). The mixing temperatures at different
zones along the extruder (starting from the feeding zone to the
die) were 175°C, 180°C, 185°C, 190 °C, 190 °C, and 180 °C.
The screw speed was 100 rpm with the feeding rate of 1000 g/h.
The mixed extrudates were then cut into small pellets. These
pellets were melt spun as PLA/PVA-monofilament on a piston
spinning device.

Melt Spinning

The melt spinning experiments were carried out using a self-
constructed piston type spinning device at the Leibniz-Institut
fiir Polymerforschung Dresden e. V. (IPF Dresden). The sche-
matic drawing and the principle of this device were found in
Ref. 7 with the following specifications: The diameter and the
length of the capillary hole was Dy =0.6 mm and L=1.2 mm,
respectively.

The spinning conditions for spinning processes are shown in
Table II; for instance, the take-up velocity is altered from
10 m min~' to 70 m min~' at a constant flow rate of
lg min~' (condition B) and the flow rate is also varied at a
constant take-up velocity of 50 m min~"' (condition A). Before
melt spinning, the PLA/PVA pelletized blends were dried in a
vacuum oven at a temperature of 60 °C for 6 h and then filled
into the cylinder under dry nitrogen. All spinning experiments
were performed at 195 °C.

Mnh\"‘lfu-'§ WWW.MATERIALSVIEWS.COM
1

WILEYONLINELIBRARY.COM/APP

44258 (3 of 14)

Applied Polymer

SCIENCE

Online Filament Temperature Measurements

The filament temperature was measured using an infrared cam-
era VarioTHERM™ with microscope lens MWIR/f4.4, designed
by Jenoptik AG, Jena, Germany, combined with the monitoring
subsystem including a personal computer (PC) and software
package IRBIS® supported by InfraTec GmbH, Dresden, Germa-
ny. More details on this infrared thermography device are given
by Golzar et al.'®

The infrared thermography method for measuring the filament
temperature is based on using infrared radiation. The radiated
energy received by the infrared camera E includes three compo-
nents: emitted E,, reflected E,, and transmitted energy E, and
can be expressed as follows:

E=E,+E,+E, or (12)
E. E E
1==+"L4+2 (13)
E E E
The eq. (13) can be simplified as follows:
l1=em+re+itr (14)

where em is the emissivity, which indicates the ability of infra-
red energy of filament emitted to infrared camera, the reflectivi-
ty re and the transmittivity tr indicating the ability to reflect
and transmit infrared energy, respectively.

For a perfect black body, the emissivity em is equal one; the
reflectivity re and the transmittivity tr are
(em=1, re=0, and #r=0). Polymeric filaments are not perfect
black bodies and the emissivity of polymeric filaments is known
less than 1 (em < 1) due to the optical and geometric proper-
ties (filament fineness) of the filament. Thus, it is necessary to
find the relationship between the emissivity and the filament
diameter in the case of the PLA/PVA filament.

Ze1ro

In that regard, the two heated, fixed and polished drums with
two different diameters 100 mm and 193 mm were employed.
This method has been successfully utilized by our research
group with following assumptions'®'”: no or negligible small
emissivity of the polished drums, the filament has the same

temperature as the heated drum.

The spun PLA/PVA-monofilament was wrapped around the pol-
ished drums, which were electrically heated (Figure 1). The
drum and the filament temperatures were determined using the
infrared camera at different temperatures over the ranges from
50 °C to 200 °C and different filament diameters ranging from
about 140 to 380 pm.

Figure 2 plots the emissivity of the thick PLA/PVA filaments
versus their diameter in comparison with the emissivity of the
fine polyetheretherketone (PEEK) filament.'® It is seen that the
emissivity of PLA/PVA filaments increases with the increasing of
filament diameter and nearly reaches a constant value of about
0.8 with filament diameters more than 300 pm. The emissivity
value of the present study for the thick PLA/PVA filaments is
around 0.8. This value is much more that of the investigation
by Golzar et al,'® when they studied the dependence of the
emissivity of fine polyetheretherketone (PEEK) filament on its
diameter. However, it is seen that the emissivity profiles versus
diameter of both studies seem to be have a good relation and
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Table II. Spinning Conditions with an Extrusion Temperature of 195 °C,
Dy=0.6 mm, L/D=2

Take-up Volumetric Mass
velocity flow rate flow rate
Conditions (m min~1) (cm® min~1) (g min~)
A 50 0.393 0.5
0.785 1.0
1.178 1.5
1.570 2.0
B 10
30 0.785 1.0
50
70

have the similar increasing tendency with the increase of the fil-
ament diameter.

Online Filament Speed Measurements

Online measurements of the velocity were performed by using a
laser doppler anemometry (LDA) device Laser Speed LS50M,
manufactured by TSI Inc. It consists of optical sensor (model
250100), processor LS50MP, and a PC with configuration soft-
ware TSI LaserTrak™ (version 3.4) manufactured by TSI Inc.
based on technique known as LDV. More details about this laser
speed system are referred to Refs. 16 and 18. In the present
study, velocity recordings were obtained at distances in the
range of 2.5 to 50 cm from the die exit, at each 2.5 cm inter-
vals. A set of 100 data points was gathered for each distance
from the spinline.

Online Tension Measurement

Measurements of filament tension were carried out using a Ten-
siometer DIGITENS® 485 for hand-held measurement with the
measuring head Type 125.120.1 by Honigmann Industrielle
Elektronik GmbH. Before the measurement of the filament ten-
sion, the Tensiometer was set at zero and was calibrated using
various metal plates of 2, 5, and 10 g, which attached to the
PLA/PVA filament. During the filament was manually moved
up and down through the measuring head, the full range of the
Tensiometer was adjusted.

= Intrared 95 "I'ra

4
e 4

—
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For the tension measurement of the running filament, the mea-
suring head was located at 180 cm from the die exit just above
the take-up device. Ten measurements were manually observed
and an average value was calculated.

RESULTS AND DISCUSSION

Filament Temperature Profiles

Figure 3 shows the temperature profiles T'(x) of PLA/PVA fila-
ment along the spinline for the take-up velocity of 50 m min ™"
with the mass flow rate of 1.0 g min~" over the distances from
2.5 cm to 150 cm. The gray cross symbols (X) represent the
temperature values obtained using an infrared camera, the red
points (@) (including deviation) are the corrected temperatures
by the emissivity, which depend on the filament diameter as
shown in Figure 2, and the red dash curve (— — —) is the fit-
ted temperature profile using an exponential decay function. To
have a better overview of the filament temperature profiles of
seven different spinning conditions, only the fitted temperature
profiles are presented in this section. More details of the experi-
mental results, the fitted and simulated filament temperature
profiles are completely described and discussed in Appendix.

It is seen that the filament temperature profiles substantially
depend on the mass flow rates. The filament cooled more slowly
along the spinline when the mass flow rate increased at the con-
stant take-up velocity (Figure 4). In contrast, the filament tem-
perature profiles seem to be independent of take-up velocities at
the constant mass flow rate of 1.0 ¢ min~ ' and have the similar
temperature profiles corresponding to the same following fitting
eq. (15) (Figure 5):

T(x) =25+170><exp(—£) (15)

42

where T(x) is the filament temperature in °C at any distance x
in cm from the die exit.

It is worth mentioning here that the glass transition tempera-
ture T, of PLA/PVA filaments is assumed equal to T, of PLA/
PVA blend obtained using DSC measurement. From Table I, it
is seen that the Typra = 55°C is higher than the Tgpya=
41°C in PLA/PVA 30/70 blend. Thus, the PLA solidifies first
and the PLA/PVA blend is totally solidified at the glass transi-
tion temperature of PVA.

PLA/PVA
=filafment

Figure 1. Photographic of test stand for measurement the emissivity as correction factor. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]
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Drum with D=193 mm

A

Drum with D=100 mm

0.8 1

0.6

Emissivity (-)

e Drum with D=193 mm (¥*)

0.0 T

v T ¥ T T ¥ T T ¥ T T
0 50 100 150 200 250 300 350 400
Diameter (pum)
Figure 2. Emissivity vs. the diameter of PLA/PVA filaments in comparison

with pure PEEK filament (*) adapted from Ref. 16. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

Filament Velocity and Velocity Gradient along the Spinline
Figure 6 shows the velocity v(x) profile of PLA/PVA blend
monofilament along the spinline for the take-up speed of 50
m min~" with the mass flow rate of 1.0 g min~". It should be
noted that the gray cross symbols (X) represent for the velocity
values obtained using a LDA device and the spinline-connected
curve is the fitted curve by manual adjustment.

Figure 7(a) shows the manual fitted curves of the filament veloci-
ties versus distance to spinneret for the melt spinning processes
with a constant take-up velocity of 50 m min ™'
rates over the range from 0.5 g min ™'

and mass flow
to 2.0 g min~". Figure 7(b)
represents the axial velocity gradient of the filament velocities ver-
sus distance to spinneret. The axial velocity gradient or the axial
strain rate (ASR) is used to characterize the deformation behavior
of the material. The ASR is determined by taking the derivative of
v(x) with respect to x v/ (x)=dv(x)/dx. Thus, the ASR is not
constant along the spinline due to the increase of velocity. It has a
maximum value at position in which the velocity changes largest
amount per time. From the Figure 7(b), it is seen that the maxi-
mum value of the ASR decreases with increasing mass flow rate at
the constant take-up velocity. At a higher flow rate, the ASR maxi-
mum region has a broader distribution and the ASR maximum
peak slightly shifts towards longer distances from the spinneret.

Figure 8 shows the filament velocity and the ASR profiles along
the spinline for the melt spinning processes with take-up veloci-
ties over the range from 10 m min~' to 70 m min~" at a con-
stant mass flow rate of 1.0 g min~ . It is seen from Figure 8(b)
that the maximum value of the ASR increases with the increase
of take-up velocity. The region of the ASR maximum value did
not change much and is located at a distance of about 10 to
13 cm from the spinneret for various take-up velocities with the
exception of the take-up velocity of 10 m min~"', which its ASR
profile shows a maximum value at a region of about 6 to 9 cm.

Filament Diameter Profiles
The filament diameter D(x) along the spinline was calculated

from velocity data v(x) and volumetric flow rate V by the eq.
(16) below:
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Figure 3. Filament temperature vs. distance for the take-up velocity of
50 m min_ ! (X) uncorrected tem-

peratures obtained using the infrared camera, (@) corrected temperatures,

! and the mass flow rate of 1 g min~

and (— — —) fitted temperature profile using an exponential decay
function. [Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]

’“\f\/ﬁ

where the filament velocity v(x) at any distance x along the
spinline was measured using the LDV.

(16)

It is seen that the change in mass flow rate has a substantial
effect on the termination of filament attenuation process. The
filament diameters of lower mass flow rates attenuate much
more rapidly than that of higher mass flow rates and they reach
their final diameters at a location closer to the die exit from
[Figure 9(a)]. This is because that as the mass flow rate
decreases, the filament reaches the solidification temperature
faster (Figure 4). In contrast, the take-up velocities almost did
not have an effect on the termination of filament attenuation

200 -
180—- “.‘\ ----- Q=0.5 g-min’; v=50 m-min’’
160- '.‘\\“\‘g ----- Q=1.0 g-min™; v=50 m-min"
— | \ \\ ————— Q=1.5 g-min™'; v=50 m-min"'
8 140+ WNNE 2 Q=2.0 g-min’; v=50 m-min’'
g 104 N NN
S 100 woTh B
g. 1 \ £ \"\ e
= 80 T PI \:SS\PC \‘\ \
) 1.8 \ % S
= 604/ s T i e
40 M S
'\ =41 °C T e 1 ....... :::T:,,,i
201 Teron x=50 x=100  x=135
0 T . T * T . T T . T % T

0 20 40 60 80 100 120 140 160
Distance to spinneret (cm)

Figure 4. Filament temperature versus distance for the take-up velocity of
' and the different mass flow rates: 0.5, 1.0, 1.5, and
. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

50 m min
2.0 g min~*
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200 t o
1801 Fgrav(x)=J 0p-g- V/v(x).dx (18)
.9\' < v=10 m'min"; Q=1.0 g-min" x
%) 160 ‘},“ * v=30mmin"; Q=1.0 g-min” where ¢ is the gravitational acceleration on earth
o_ 140 Ty + v=50 m'min’; Q=1.0 g-min’ (g~ 9.81 m s72) and L is the take-up distance.
2 1204 ’;-‘ ' « v=70 m-min”; Q=1.0 g-min” . o
= gl The tensile stress o(x) is given by the eq. (19)
B 100+ L3 T =
& g0l i I TP a— T(x)=25+170%exp(-x/42) o(x)=F(x)/A(x) (19)
% 601 : i§- f51 | where F(x) is the tensile force and A(x)=V/v(x) denotes the
2 i 'iél H “' cross-sectional area of the filament.
] e o
20 4 ] Apparent elongational viscosity (APEV) m,,,(x) along the spin-
3 line was calculated by the following eq. (20):

T T T
0 20 40 60 80 100 120 140 160
Distance to spinneret (cm)

Figure 5. Filament temperature versus distance for the different take-up
velocities at constant mass flow rate of 1.0 g min~'. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

process [Figure 9(b)]. The filament diameters reach their final
value at the similar distance from the die exit, because the
change of filament temperature along the spinline has the simi-
lar behavior (Figure 5).

Tensile Force, Stress, and Apparent Elongational Viscosity
along the Spinline

In the melt spinning processes with low spinning speed up to
about 750 m min_ !, the surface tension force Fouf(x), the air
drag force F,er0(x) and the inertial force are usually negligible as
small as compared to the take-up force F; and the gravitational
force Fgmv(x).15 19221 1 this study, therefore, the tensile forces F
(x) are calculated using the momentum balance eq. (3) that can
be simplified as follows:

F(x) = F+ Fyray(x) (17)
where Fy is the take-up force. The gravitational force Fyray(x),

the weight of the filament at any distance x, can be calculated
from the eq. (18):

60

i v=50
50 U111 M-
HH Hh

1

—— Q=10 g'min’

Velocity (m-min™")

T T T T T T T T T T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100
Distance to spinneret (cm)

Figure 6. Velocity versus distance for the specific melt spinning condition:

1

y=50 m min '} Q=1 g min . [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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MNapp () =0 () /V/(x) (20)

where o(x) is the tensile stress and +/(x) is the derivative of v
(x) with respect to x.

60
V=50 mmin’ @)
50 V=50 m-min
=
£
£ 30 ——Q=0.5 g-min”
2 ——Q=1.0 gmin"
220 ——Q-1.5 gmin’
E 1 ——Q=2.0 g'min"’
10
04
T T T T T . - . : i :
0 20 40 60 80 100
Distance to spinneret (cm)
12 4 (b)
1 05 g'min”
104
8 -
_‘::\ T Q=10 g'min
5 6 i
wl
2
47 Q=1.5 g-min"
?] - Q=20 g-min’'
04

L T of T . T
0 20 40 60
Distance to spinneret (cm)
Figure 7. Velocity (a) and axial strain rate (ASR) versus distance (b) for
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In this study, the take-up force F;=1.9 cN was determined at a
distance of 180 cm below the die exit and near take-up device
using a Tensiometer for all spinning conditions are listed in the
above Table II. Within the measuring range of the Tensiometer,
there is no different take-up force between spinning conditions
that can be detected, because both the air drag force F,e, [esti-
mated using egs. (6), (8), and (9)] and inertial force Fiper [cal-
culated using eq. (7)] at a distance 180 cm from the spinneret
are too small in comparison with the total force and they do
not have any effect on the total force. It is seen from Figure
10(b) that total forces of the air drag plus inertial force at a dis-
tance 180 c¢cm below the die exit for different spinning condi-
tions have minimum and maximum values of 0.00071 ¢cN and
0.0071 cN, respectively. This result shows a considerable differ-
ence in force value between different spinning conditions, but
this force value is too small in comparison with the take-up
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force F;=1.9 cN, determined using a tensiometer. Therefore, it
is simplify assumed that the take-up force F; is constant for all
spinning conditions. For the calculations of tensile force F(x)
[after eqs. (17) and (18)], tensile stress o(x) [after eq. (19)],
and apparent elongational viscosity m,,,(x) [after eq. (20)], the
measured and interpolated values of v(x) were always used.

Figures 11 and 12 show the distributions of the tensile force
along the spinline for different spinning conditions. It can be
seen that the tensile force is nearly constant along the spinline
[Figures 11(a) and 12(a)]. The tensile force slightly increases
with increasing the mass flow rate at the constant take-up veloc-
ity of 50 m min~ ' [Figure 11(b)] or with decreasing the take-
up velocity at the constant mass flow rate of 1.0 g min~" [Fig-
ure 12(b)]. This tendency is due to the differences of filament
diameter (Figure 9), which affect the gravitational force.

For each spinning condition, the filament diameter decreased
along the spinline in the fiber formation zone (Figure 9). This
decrease leads to the considerable increase of the tensile stress
(Figure 13), although the variation of tensile force along the
spinline is very small [Figures 11(a) and 12(a)].

Figure 14 shows the calculated apparent elongational viscosity
(APEV) of PLA/PVA filaments versus distance from spinneret
for different spinning conditions. It is seen that the APEV
keeps an almost constant value at the first 10 cm. It then rap-
idly increases and goes to infinity, where the attenuation pro-
cess is finished [Figure 14(a,b)]. It is seen from Figure 14(a)
that as the mass flow rate increases the APEV reaches an infi-
nite value more slowly, because the filament cools more slowly
along the spinline (Figure 4). Figure 14(b) shows an interest-
ing relationship between the APEV and the take-up velocity. In
general, as the take-up velocities decreases, the APEV becomes
infinite at the shorter distances from the spinneret. However,
this tendency is not found at a take-up velocity of 70
m min~'. The APEV at this take up velocity goes to infinity
even earlier than that of take-up velocities of 30 and 50
m min~'. An explanation of this behavior is that the melt
spinning process with take-up velocity of 70 m min~"' is faster
terminated than that of with take-up velocity of 30 and 50
m min~'. This agrees well with the velocity results that have
already shown in Figure 8(a).

As mentioned above, the APEV depends on the ASR after eq.
(20). It depends also on filament temperature: as the filament
temperature decreases, the APEV increases. The temperature
profiles in Figure 5 show that there are no significant differences
of the filament temperature between various take-up velocities,
that why they can be fitted from the same eq. (15). However,
the experimental results of filament temperature in Appendix
show a little difference. The filament in the melt spinning pro-
cess with the take-up velocity of 70 m min~ ' is quenched a lit-
tle earlier than that with take-up velocities of 30 and 50
m min~ .

It is worth pointing out from Figure 14(c,d) that the APEV has
a minimum value at several centimeters below the spinneret,
where the maximum ASR values are found [Figures 7(b) and
8(b)]. This phenomenon is an expression that the APEV is
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Figure 9. Filament diameter versus distance for the different spinning conditions: (a) different mass flow rates and constant take-up velocity, (b) differ-
ent take-up velocities and constant mass flow rate. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

inversely proportional to the ASR after eq. (20), which also can
be written as n,,, = %

DISCUSSION OF THE LENGTH OF THE FIBER
FORMATION ZONE

In the melt spinning process, the fiber formation zone is
defined as the distance Lg from the die exit xy (x = 0) to the
solidification point x; (x = s), where the fiber becomes solid.
In this zone, the morphological development of the filament
occurs and it is affected by the courses of spinning parameters
as analyzed above. Below solidification point no further defor-
mation of the filament occurs, i.e., the process of morphological
development of filaments no more happens.

In principle, at the same time, the filament velocity should
reach the take-up velocity and filament temperature should cool
down to its glass transition temperature T, at the same solidi-
fication distance Lg. Figure 15 plots the solidification distance
versus mass flow rate and take-up velocity from the fitted veloc-
ity (Filament Velocity and Velocity Gradient along the Spinline
section) and fitted temperature profiles (Filament Temperature
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s
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Profiles section). For all analyses below, it is assumed that T,
of the PLA/PVA filaments from fitted temperature profiles is
equal to T, psc of PLA/PVA blends obtained by DSC measure-
ments. The difference between T, and T,psc can be explained
with the different thermal behavior of polymers in DSC meas-
urements and in the melt spinning process due to the different
equilibrium and non-equilibrium states.'® It is seen from Figure
15 that the distance Ls, in which the filament velocity reaches
its take-up velocity, i.e., the solidification distance obtained
from velocity profiles, is always shorter than the solidification
distance Lsy obtained from the fitted temperature profiles
(Lsy < Lgr). This interesting phenomenon may occur for the
low melt spinning speed up to 70 m min~". It may be that fila-
ment needs more time to go to its glass transition temperature

than to reaches its take-up velocity or very near take-up
velocity.

The following eqs. (21) and (22) were used to calculate the
time ts, required for the filament velocity reaches its take-up
velocity and the time fgr needed for the filament temperature
goes to its glass transition temperature, respectively.
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Figure 10. Calculated air drag and inertial force at a distance 180 cm from the spinneret for different spinning conditions: (a) different mass flow rates
and constant take-up velocity, (b) different take-up velocities and constant mass flow rate. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]
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T ]

fsy = JXO @ dx (2 1 )
T ]

fsT= ‘LO @ dx (22)

where, x5, and xsr are the solidification points from the fitted
velocity profiles and the fitted temperature profiles.

The time difference At=tsr—ts, changes a little over a range of
0.12 to 0.21 s for the constant take-up velocity and different
mass flow rates [Figure 16(a)]. It is also seen from Figure 16(b)
that there is no substantial time difference At for the take-up
velocity of 30, 50, and 70 m min~', but except for the very slow
take-up velocity of 10 m min~'. The final filament diameter of
the take-up velocity of 10 m min~ ' is 318 pm almost twice as
large as that of the take-up velocity of 30 m min™'. This means
that the filament at the take-up velocity of 10 m min ' need
much more time that at the higher take-up velocities for cooling
down to its glass transition temperature although the filament
velocity has already reached its take-up velocity.

2.5
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The difference between the solidification distances Ls, and
Lgr can be explained as follows: (1) The axial heat conduc-
tion effect of the filament along the spinline and the nonuni-
form radial temperature through the cross-section of the
thick filament, leads to a cooler outer layer of the filament
in comparison with the inner layer. (2) The occurrence of
a telescoping effect or “necking” during stretching the
filament within fiber formation zone. (3) The two measure-
ment methods (LDV and infrared thermography) are differ-
ences themselves.

In summary, considering the length of fiber deformation
zone, it is reasonable to assume that the fiber formation
zone is from the die exit to the point at the filament velocity
reaches its take-up velocity. The end of deformation point
equals the first point along the spinline where filament veloc-
ity reaches its take-up velocity or very near take-up velocity.
In this zone, the morphological development of PLA/PVA
blends is mainly deformed by the increase of velocity and
tensile stress.
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Figure 12. Tensile force versus distance for the spinning condition B: vertical y-axis from 0.0 to 2.5 (a), and 1.90 to 2.10 (b). [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]
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CONCLUSIONS

The profiles of PLA/PVA filament parameters such as tempera-
ture, velocity, axial strain rate, diameter, tensile stress, etc. along
the spinline in the low-speed melt spinning process with take-
up velocity up to 70 m min~ 'were investigated. It was found
that the melt spinning of extremely high viscosity materials
such PLA/PVA blends at very low take-up velocities is very dif-
ferent from standard spinning velocities of 1000 to 4000

m min~' and high spinning velocities over 4000 m min~".

Regarding the length of the fiber formation zone, it was found
that there is the difference between solidification lengths deter-
mined from velocity profiles Ls, and from temperature profiles
Lst (Lgy < Lgr). This unexpected phenomenon may happen for
the low-speed melt spinning process due to the axial heat con-
duction effect of the filament along the spinline and the radial
temperature distribution through the cross-sectional thick fila-
ment. By considering the length of fiber deformation zone, it is
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assume that the fiber formation zone is from the die exit to the
point at the filament velocity reaches its take-up velocity. In
this zone, the morphological development of PLA/PVA blends is
mainly deformed by the increase of velocity and tensile stress.

Concerning the heat transfer from filament surface into the sur-
rounding air, it was found that the Nusselt number is nearly
constant along the spinline and has values 0.85 and 0.90 (see in
Appendix). By using these constant Nusselt numbers, the math-
ematical simulation of the filament temperature profiles along
spinline in the low-speed melt spinning process becomes much
simpler. The simulated results agree very well with the measured
values of filament temperatures and even they agree with the fil-
ament temperature profiles calculated using the often used Kase
and Matsuo model.

Another remarkable finding of the present study is related to air
drag and the inertial force values which are small in comparison
with the total force, and they do not have any effect on the total
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force in the low-speed melt spinning process. The tensile forces
are nearly constant along the spinline.
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APPENDIX

Figures A.1 and Appendix A2 show the experimental results
and their comparison with our simulated results as well as with
Kase and Matsuo model. The gray cross symbols (X) present
for the filament temperature values obtained using an Infrared
camera as mentioned in Online Filament Temperature Measure-
ments section. Points (including deviation) are the corrected
temperatures by emissivity. The dash curves (— — —) are the
temperature curves, fitted by using different exponential decay
functions as follow:

WILEYONLINELIBRARY.COM/APP

Applied Polymer

IENCE

Appendix A.I. Various Constant Value u for Different Spinning Condi-
tions used for the General Exponential Decay Function al

Take-up Mass flow
velocity rate constant
Conditions (m min~1) (g min~1) value u (1)
A 50 0.5 21
1.0 42
1.5 57
2.0 75
B 10 42
30 1.0 42
50 42
70 42

For the constant mass flow rate, the constant value u is independent of
take-up velocity and it has a value of 42.

T(x):Tair+(TO_Tair)xexp<_ g) (Al)

where T,;,=25°C and T, =195°C are the temperature of the
ambient air and the temperature of molten filament at die exit
(x=0), respectively, x is the distance from the spinneret, and

200 200
1804 Q=0.5 g-min™; v=50 m'min" (a) 180 . Q=1.0 g:min™; v=50 m-min™ (b)
160 1604 1%
QU/ 140 8140—_
£ 1201 ® 120
= =
§ 1001 & 1001
é 80- ‘é.’. 801
O 604 E
= - 2
40 40+
20+ 20
0 T ¥ T ¥ T 7 T ¥ T ¥ T X T ¥ T ¥ 0 T T T T T T T T T T T T T T T T
0 20 40 60 80 100 120 140 160 0 20 40 60 80 100 120 140 160
Distance to spinneret (¢cm) Distance to spinneret (¢cm)
200 200
1804 . Q=1.5 g-min™; v=50 m-min’' (c) 180 Q=2.0 g'min™; v=50 m-min”' (d)
1604 | B\ 1604 |
8140—_ 8140—
g IZO—N © 120+
£ 100+ £ 100
— —_ 4
g 80 2. 80
g 1 =) 1
D 60 D 604
=~ ] = ]
40 40
204 204
e e e 0+— ; : . . ; : ;
0 20 40 60 80 100 120 140 160 0 20 40 60 80 100 120 140 160

Distance to spinneret (cm)

Distance to spinneret (cm)
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(d) at the take-up velocity of 50 m min . [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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30 m min~" (b), and 70 m min~" (c). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

different constant u values for different spinning conditions are
listed in Table Al. The continuous curves () are the simulated
curves, and the dash dot curves () present the filament temper-
ature profiles obtained using the Kase and Matsuo model. It
can be seen that the simulated results agreed well with mea-
sured values of fitted temperature. The simulated PLA/PVA fila-
ment temperature slightly cooled faster than the PLA/PVA
filament temperature obtained using the Kase and Matsuo.

The simulated temperature profiles (the continuous curves) and
the temperature profiles using the Kase and Matsuo model (the
dash dot curves) were determined using the following eq. (A.2),
which is simplified from eq. (10) with an assumption that the
PLA/PVA filament may not crystallize during melt spinning in
the low take-up speed spinning process.

dii’“) =~ (T(x) = T ()N, %
where, the temperature of surrouding air T is 25 °C, the heat
conductivity of air at 25°C Ay is 0.026 W m™! K™!, and the
heat capacity of PLA/PVA blend c¢p is 1.80 J g ! K°!, was
obtained using DSC measurement. The Nusselt number N, after
the Kase and Mutsuo model is followed by eq. (11). In this study,
the Nusselt number N, for the simulation was estimated by

(A.2)
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Appendix A3. Flow diagram for estimation of Nusselt number from experi-
mental results of filament temperature and velocity. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Appendix A.4. Nusselt number versus temperature (a) and Nusselt number versus Reynolds number (b) for the different mass flow rates at the take-up

velocity of 50 m min~". [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

considering the relationship between the Nusselt number versus
Filament temperature as well as The Nusselt number versus
Reynolds number, which is schematically presented in Figure
Appendix A3.

It is seen from Figure Appendix A.4 that the Nusselt number is
nearly constant along the spinline. The Nusselt number has
higher values at the higher amount of mass flow rates. However,
there is little difference between the Nusselt number of the mass
flow rates of 0.5, 1.0 g min~' and that of the mass flow rates of
1.5, 2.0 g min~ ' at the constant take-up velocity of 50 m min~".
For the constant mass flow rate of 1.0 ¢ min~', the Nusselt num-
ber is also nearly constant and has the same value of 0.85 at the
different velocities up to 70 m min~ ' due to the same the fitted
temperature profiles. In this study, the Nusselt number is approx-
imately considered as a constant value of 0.85 if Q< 1.0 g min ™'
and 0.95 if 1.0 <Q<2.0 g min_ ' independent of take-up veloci-
ties within the above range of Reynolds number.
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