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ABSTRACT: This study examined the spinning of poly-
urethane-based elastomeric fibers with the dry-jet-wet
spinning method. The three important spinning variables
that were chosen were the coagulation bath ratio (dime-
thylformamide/water), the bath temperature, and the
stretch ratio. A three-variable factorial design method, pro-
posed by Box and Behnken, was used to optimize these
process parameters. The spinning process was further
fine-tuned by the variation of the stretch ratio and the
dope solid content. The effect of the dry-jet length on
the fiber properties was also studied. The tenacity and
elastic recovery properties of the fibers were found to be

optimum at a bath ratio (dimethylformamide/water) of
60 : 40, a bath temperature of 15�C, and a stretch ratio of
2.5. The density and sonic modulus were measured to
determine the effect of varying the process variables on
structural parameters such as the density and orientation.
The surface morphological features, as revealed by scan-
ning electron microscopy, were correlated to the fiber
properties. VC 2010 Wiley Periodicals, Inc. J Appl Polym Sci 118:
2291–2303, 2010
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INTRODUCTION

Polyurethane (PU) elastomeric fibers are generally
called elastane or spandex fibers. By definition, these
fibers have an elongation to break greater than 200%
(usually 400–800%) and, upon the release of deform-
ing stress, return quickly and almost completely to
their original length.1 Textile fabrics containing elas-
tane yarns have widespread applications, especially
because of their increased extensibility and elasticity,
high degree of recovery, and good dimensional sta-
bility. In the apparel industry, these fabrics are used
for sportswear and leisure garments, hosiery, under-
wear, and swimwear and specifically for body-con-
firming garments, which ensure a stable shape
under various loads when they are worn. Elastane
fibers may be incorporated into fabrics in the form
of yarns, which are typically wrapped with rela-
tively inextensible fibers. Wrapping is done via cov-
ering, core spinning, or twisting to produce yarn
structures known as wrapped, core-spun, spin-
twisted, siro-spun, and air-twisted yarns.2

Elastane fibers are made of linear long-chain syn-
thetic polymers composed of segmented PU. The

polymer chains in segmented PU consist of two
chemically distinct structural units, that is, hard and
soft segments, and their glass-transition temperatures
are above and below room temperature, respectively.
The various physical properties of spandex fibers,
such as the strength, modulus, mechanical and ther-
mal stability, elasticity, and elastic recovery, are
closely related to their hard segment to soft segment
ratio.3–8 It has been reported that fibers with a 60–
70% soft-segment concentration have good elastic re-
covery properties.9 Dry and wet spinning methods
have been extensively used to spin commercially
available PU fibers, but lately, melt spinning has
been widely studied to replace solution spinning
because of its inherent advantages, including a
cleaner and safer environment due to the nonuse of
solvents and the simplicity and economy of the pro-
cess. However, the properties of dry-spun fibers have
been reported to be superior to those of melt-spun
fibers.10 To date, there are no reports of PU fibers
being produced by a dry-jet-wet spinning process.
Dry-jet-wet spinning is another variant of the

solution spinning technique in which there is an air
gap (generally called the jet length) between the cap-
illary exit and the coagulation bath. In 1970, Blades11

discovered that high-strength, high-modulus fibers
could be prepared by the dry-jet-wet spinning of
anisotropic solutions of aramid polymers. The key
feature of this process is that an anisotropic solution
is extruded from spinneret holes through an air gap
into a coagulation bath. The coagulated filaments are
then washed, neutralized, and dried. This process
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produces fibers with a tenacity and initial modulus
2–4 times greater than those of fibers prepared by
the conventional wet spinning process.

When anisotropic solutions are extruded through
a spinneret, capillary shear causes liquid-crystalline
domains to orient along the direction of the flow.
However, at the capillary exit, some disorientation
of liquid-crystalline domains occurs because of solu-
tion viscoelasticity. This disorientation is quickly
overcome by filament attenuation in the following
air gap under the spinning tension. The attenuated
filaments thus retain a highly oriented molecular
structure when they are precipitated, and this
produces superior tensile properties.

There have been relatively few investigations of
the structure and property correlations of PU-based
elastomeric fibers. Yamashiro12,13 studied the rela-
tionship between the chemical structure and the me-
chanical properties of melt-spun segmented PU and
reported that the mechanical properties of these
fibers are influenced by the aggregation of hard and
soft segments and also the chemical structure of the
soft segments. It has been reported14,15 that the
hard-segment orientation affects the mechanical
properties of PU fibers and especially the modulus.
Abhiraman et al.16 reported that complete phase sep-
aration between the hard and soft segments is essen-
tial to obtain good elastic recovery after deformation.
Furthermore, the absence of chain folding and loops,
besides perfect orientation of hard-segment domains
along the fiber axis, also results in good elastic re-
covery properties. The available literature on the
effects of process parameters on the solution spin-
ning of PU fibers is mostly available in patent
form.17,18 The effects of spinning variables on the
structure and properties of PU fibers are thus not
discussed much in the open literature and are there-
fore not clearly understood.

The aim of this investigation was to optimize the
spinning process for the dry-jet-wet spinning of PU
fibers. A Box–Behnken statistical design tool19 was
used to optimize three important spinning variables:
the coagulation bath ratio [dimethylformamide
(DMF)/water], the bath temperature, and the stretch
ratio. The advantage of the Box–Behnken design
over other designs is that it is rotatable and requires
fewer test runs in comparison with a central com-
posite design. The influence of other factors, such as
the dope solid content and jet length, on the struc-
tural development and properties of these elasto-
meric fibers was also studied.

EXPERIMENTAL

Design

To optimize the properties of PU fibers, the three
key spinning variables that were considered were

the coagulation bath ratio, coagulation bath tempera-
ture, and stretch ratio. A three-variable and three-
level factorial design technique was used to investi-
gate the effects of all three spinning variables on the
elastic recovery and tensile properties of dry-jet-wet
spun PU fibers. The spinning trials were conducted
with three different coagulation bath ratios and bath
temperatures in the range of 11–23�C, with the
stretch ratio kept constant to identify the spinnable
region. It is clear from Figure 1 that the dope was
spinnable under all the conditions except a bath
temperature of 11�C and a DMF/water bath compo-
sition of 60 : 40; therefore, all further values chosen
for the design were within this spinnable region.
The actual values of these variables along with the
coded levels are given in Table I.
In addition to the experiments related to the Box–

Behnken design, two separate investigations of the
effects of the dry-jet length and dope solid content
on the fiber properties were conducted. Three dry-
jet lengths (15, 20, and 25 mm) and three dope solid
contents (27, 29, and 31% w/w) were investigated to
study their effects on the fiber properties under opti-
mized bath conditions: a bath ratio of 60 : 40, a bath
temperature of 15�C, and a stretch ratio of 1.8–2.5.

Materials

Extrusion-grade thermoplastic PU with the trade
name Elastane GP85AE (an ester type with a Shore
hardness of 85A) was procured from Noveon, Inc.
(Belgium). Laboratory-grade DMF from Merck
(India) was used as supplied.

Method

Dope preparation

A polymer dope solution with the required solid
content (w/w) was prepared through the dissolution

Figure 1 Spinnable region.
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of the required amount of polymer (thermoplastic
PU) chips in the solvent DMF in a reaction tube
with a mercury seal and a mechanical stirrer at
room temperature (25�C). The whole mixture was
stirred until a clear solution was obtained; subse-
quently, it was deaerated in vacuo at 45�C for 30 min
to remove air bubbles.

Spinning

The fiber spinning was carried out on a solution
spinning machine supplied by Bradford University
Research, Ltd. (UK) (Fig. 2), with a single-hole spin-
neret that was 0.3 mm in diameter. The ram speed
and first take-up roller speed were kept at 0.1 mm/
min and 4.2 m/min, respectively.

On the basis of several experiments conducted to
optimize the dry-jet-wet spinning process, the spin-
ning conditions were chosen for further experiments,

as discussed later. The other standard spinning
parameters are given in Table II.

Spinning conditions

The solid content was 27% w/w, the shear viscosity
at 40�C (20 rpm) was 17,800 cP, the solvent was
DMF, and the dope temperature was 45�C. The air
gap length was 20 6 2 mm, and the jet stretch was
0.85. The jet stretch ratio and stretch ratio were
determined as follows:

Jet stretch ratio ¼ V1=hVi
Stretch ratio ¼ V3=V1

where hVi is the average velocity of the dope in the
spinning hole [i.e., hVi ¼ Q/p R2, where Q is the flow
rate per hole (cc/min) and R is the spinneret hole
radius]; V1 is the surface velocity of the first godet,

TABLE I
Box and Behnken Design for Three Variables

Experimental
combination

Coded variables Actual variables

X1 X2 X3 X1 X2 X3

1 �1 �1 0 40 : 60 15 1.5
2 1 �1 0 60 : 40 15 1.5
3 �1 1 0 40 : 60 23 1.5
4 1 1 0 60 : 40 23 1.5
5 �1 0 �1 40 : 60 19 1.2
6 1 0 �1 60 : 40 19 1.2
7 �1 0 1 40 : 60 19 1.8
8 1 0 1 60 : 40 19 1.8
9 0 �1 �1 50 : 50 15 1.2

10 0 1 �1 50 : 50 23 1.2
11 0 �1 1 50 : 50 15 1.8
12 0 1 1 50 : 50 23 1.8
13 0 0 0 50 : 50 19 1.5
14 0 0 0 50 : 50 19 1.5
15 0 0 0 50 : 50 19 1.5

X1 ¼ bath ratio; X2 ¼ bath temperature (�C); X3 ¼ stretch ratio.

Figure 2 Schematic diagram of the spinning assembly (first roller speed ¼ 4.2 m/min, bath 2 temperature ¼ 48�C, bath
3 temperature ¼ 48�C).
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that is, the first roller after the coagulation bath
(cm�1); and V3 is the winding drum speed (cm�1).

Characterization

Linear density

The linear density of the material was tested accord-
ing to ASTM Standard D 2591. The linear densities
of the spun filaments were 185 6 5.5, 145 6 5.8, 120
6 6, 110 6 4.5, and 90 6 3 denier for stretch ratios
of 1.2, 1.5, 1.8, 2.0, and 2.5, respectively. The unit of
linear density was the denier, that is, the weight of
9000 m of fiber in grams.

Tensile tests

Tensile tests were carried out on an Instron model
4301 universal testing machine (UK) with a cross-
head speed of 450 mm/min and a gauge length of
25 mm. The regular fiber jaws were modified with
neoprene rubber liners to eliminate the problems of
filament slippage and compression. The filaments
were held at a pretension of 0.05 mN/tex before the
jaws were tightened. All the reported results are
averages of 10 specimens. The tenacity and modulus
values are reported as grams per denier.

Elastic properties

Elastic recovery (ASTM D 2731) tests were carried
out on an Instron model 4301 universal testing
machine with 10 replicates of each material. Five-
centimeter-long filament samples were extended to
300% elongation at a rate of 500 mm/min and
allowed to relax. This cycle was repeated five times,
and in the fifth cycle, the crosshead was stopped at
maximum extension, held for 30 s, and then relaxed.
In the sixth cycle, the extension was noted at a ten-
sion of 0.05 mN/tex. The permanent deformation
(set) was calculated with the following relation:

S ¼ ðE� 100Þ=L

where S is the permanent set (%), E is the extension
on the sixth cycle at a tension of 0.05 mN/tex (mm),
and L is the gauge length (mm). The elastic recovery
(%) was determined with the following relation:

Elastic recovery ¼ 100� S

Density

The density of the PU filaments was measured with
a density gradient column supplied by Davenport,
Ltd. (London, United Kingdom). n-Heptane and car-
bon tetrachloride were used for the preparation of
the density gradient column. The column was cali-
brated with glass beads of accurately known
densities. The measurements were made on a single
1-cm-long filament at 25�C. The results are averages
of 10 readings.

Sonic modulus

The sonic velocity of the samples [C (km/s)] was
measured on a PPM-5R dynamic modulus tester (H.
M. Morgan Co., USA). The sonic modulus (E) was
calculated with the following expression:

Eðg=denierÞ ¼ 11:3� C2

This relationship is independent of the density of
the samples.

Software

Surface contour diagrams were generated with
Systat 10. Eigenvalues were calculated with
Matlab 7.

Scanning electron microscopy (SEM)

Fiber samples for SEM cross-section studies were
first drawn through a soft wooden cork, and then
very thin slices were sectioned with a sharp blade
and sputtered with silver. A Zeiss Evo 50 (Germany)
scanning electron microscope operated at an acceler-
ating voltage of 20 kV and a current of 100 lA was
used for fiber cross-section and morphology studies.

RESULTS AND DISCUSSION

Theoretical aspects of solution spinning

In the case of solution spinning, process variables
such as the bath conditions and stretch ratio
determine structural variables of fibers such as the
orientation and density, which further determine the
physical properties. Mathematically, the interrela-
tionships between the process, structural, and physi-
cal property variables can be described as follows:

1. Process variables (x): bath ratio (x1), bath tem-
perature (x2), and stretch ratio (x3).

2. Structural variables (y): density (y1) and orien-
tation (y2).

3. Physical properties (z): elastic recovery (z1),
tenacity (z2), and elongation (z3).

TABLE II
Standard Spinning Parameters

Bath DMF/water ratio Bath temperature (�C)

First Variable Variable
Second 0 : 100 48 6 2
Third 0 : 100 48 6 2
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Then, we can obtain the following functional rela-
tions:

y1 ¼ f1ðxÞ; y2 ¼ f2ðxÞ (1)

z1 ¼ g1ðyÞ; z2 ¼ g2ðyÞ; z3 ¼ g3ðyÞ (2)

z1 ¼ g1ff1ðxÞ; f2ðxÞg; z2 ¼ g2ff1ðxÞ; f2ðxÞg;
z3 ¼ g3ff1ðxÞ; f2ðxÞg ð3Þ

where the function f1 relates density parameter y1,
with process variables bath ratio (x1), bath tempera-
ture (x2) and stretch ratio (x3). It is defined as f1(.) :
R3!R, where R is the real axis. Similarly, the func-
tion f2 relates orientation parameter y2 with bath ra-
tio (x1), bath temperature (x2) and stretch ratio (x3).
It is defined as f2(.) : R3!R. The function g1 relates
elastic recovery parameter, z1 with structural varia-
bles, density y1 and orientation y2. The function g1 is
defined as g1(.) : R2!R. Similarly, g2, g3 relates
tenacity, elongation respectively with structural vari-
ables, density y1, and orientation y2. The function g2,
g3 are defined as g2(.), g3(.) : R

2!R.
Stretching is done both in the fluid state and after

coagulation. The stretching process causes orienta-
tion and dense packing of the molecular chains, ena-
bling more crystalline domains to become oriented
along the fiber axis. The density depends on the
coagulation process, bath temperature, and stretching.
Therefore, parameter y1 depends on x1, x2, and x3:

y1 ¼ f1ðx1; x2; x3Þ (4)

To prove this, we can factorize eq. (4) to

y1 ¼ f1ðx1; x2; x3Þ ¼ U1ðx1; x2ÞU2ðx3Þ

and measure the density at fixed values of several
levels of x3 as follows:

y
ð1Þ
1 ¼ U1ðx1; x2ÞU2ðxð1Þ3 Þ
y
ð2Þ
1 ¼ U1ðx1; x2ÞU2ðxð2Þ3 Þ
y
ðnÞ
1 ¼ U1ðx1; x2ÞU2ðxðnÞ3 Þ

(5)

where the functions U1(x1, x2) and U2(x3) are the fac-
tors of the function f1(x1, x2, x3). The function U1 can
be defined as /1(.) : R2!R and U1 can be defined as
U1(.) : R2!R.
Orientation is determined during the stretching

step. If the coagulation step does not involve a sig-
nificant deformation (elongation) process, then we
can conclude that the coagulation step maintains the
orientation achieved during the stretching step.
Because the thermal motion of polymer chains
destroys the orientation achieved during the stretch-
ing step, solidification by coagulation reduces the
thermal motion to preserve the orientation, and this
gives rise to the factorization of f2(x) as follows:

y2 ¼ f2ðx1; x2; x3Þ ¼ U1ðx1; x2ÞU2ðx3Þ (6)

To prove eq. (6), we can measure the orientation
at fixed values of several levels of x3:

y
ð1Þ
2 ¼ U1ðx1; x2ÞU2ðxð1Þ3 Þ
y
ð2Þ
2 ¼ U1ðx1; x2ÞU2ðxð2Þ3 Þ
y
ðnÞ
2 ¼ U1ðx1; x2ÞU2ðxðnÞ3 Þ

(7)

From eq. (7), we can determine the following:

y
ð2Þ
2

y
ð1Þ
2

¼ U2ðxð2Þ3 Þ
U2ðxð1Þ3 Þ

; . . .
y
ðnÞ
2

y
ð1Þ
2

¼ U2ðxðnÞ3 Þ
U2ðxð1Þ3 Þ

(8)

If the experimental data satisfy eq. (8) for any set of
{x1,x2}, then the factorization is valid. The validity of
eqs. (6) and (7) gives the functional structure of
U2(x3). Knowledge of U2(x3) makes response surface
analysis easy because the relationship y2 ¼ U2(x3)
depends on two independent variables, such as x1
and x2. Thus, we can exploit the merit of the two-
dimensional contour map. Equations (1)–(3) provide
two new independent variables, y1 and y2, which
allow us to use two-dimensional contour maps.
Measurements of the structural variables can thus
give us a better understanding of the effects of pro-
cess variables on properties.

TABLE III
Response Surface Equations of the PU Filaments

Property Response surface equation R2

Elastic recovery 54.667 þ 1.5X1 � 0.375X2 þ 2.375X3 þ 0.292X2
1

þ 0.542X2
2 þ 0.542X2

3 � 0.25X2 � X3 � 0.5X3 � X1

0.945

Tenacity 0.517 þ 0.054X1 � 0.015X2 þ 0.041X3 þ 0.004X2
1 þ 0.007X2

2

� 0.001X2
3 � 0.038X1 � X2 � 0.007X2 � X3 þ 0.025X3 � X1

0.912

Elongation 541 þ 52.25X1 þ 21.75X2 � 79X3 þ 82X2
1 þ 21X2

2

� 30.5X2
3 � 11.5X1 � X2 þ 23X2 � X3 � 45X3 � X1

0.991
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Optimization of the spinning variables with
the Box–Behnken design

Table III shows the response surface equations of PU
filaments obtained with the Box–Behnken design. It
is clear from these response surface equations that
the key fiber properties—the elastic recovery, elon-
gation, and tenacity—are significantly dependent on
all three chosen spinning variables, that is, the coag-
ulation bath composition, bath temperature, and
stretch ratio. The coefficient of determination (R2)
values greater than 0.9 also suggest a good correla-
tion between the variables and fiber properties. The
select contour plots for the three variables are shown
in Figures 3–5.

To arrive at the optimum conditions from the
equations shown in Table III, a full-search method
over the grid (surface contour plots) of x(i)k ¼ �1 þ
2i/50 (for k ¼ 1, 2, or 3 and i ¼ 0–50; where the vari-
able x(i)k ¼ �1þ 2i/50 is the ith location on the grid
of the kth process parameter) was employed. The cal-
culated maximum and minimum values are given in
Table IV. Table IV shows that the optimum condi-
tions are outside the experimental conditions chosen,
such that �1 � xk � 1. Therefore, it is necessary to

calculate the extreme points for the three physical
properties. We can denote the functions of the physi-
cal properties as follows:

zk ¼ gkðx1; x2; x3; Þ
¼ ak000 þ ak100x1 þ ak010x2 þ ak001x3 þ ak110x1x2

þ ak011x2x3 þ ak101x3x1 þ ak200x
2
1 þ ak020x

2
2 þ ak002x

2
3

where zk is the kth physical property, aK, k = 0,1,2
. . . k, are regression coefficents, gk is a function
which relates kth physical parameters zk, k ¼ 1,2,3
with process variables x1, x2, x3.
Then, the extreme point must satisfy

@zk
@x1

¼ 0
@zk
@x2

¼ 0
@zk
@x3

¼ 0

9>=
>;

)
2ak200 ak110 ak101
ak110 2ak020 ak011
ak101 ak011 2ak002

2
4

3
5

x1
x2
x3

2
4

3
5 ¼

ak100
ak010
ak001

2
4

3
5

To check the convexity, it is necessary to calculate
the Hessian matrix (Hk):

Figure 3 Selected surface contours indicating the effects of (a) the bath ratio, (b) the bath temperature, and (c) the stretch
ratio on the elastic recovery.

Figure 4 Selected surface contours indicating the effects of (a) the bath ratio, (b) the bath temperature, and (c) the stretch
ratio on the elongation at break.
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Hk½ � ¼
2ak200 ak110 ak101
ak110 2ak020 ak011
ak101 ak011 2ak002

2
4

3
5

The sum of the diagonal component matrix (Ak) is
determined as follows:

Ak � 2ðak200 þ ak020 þ ak002Þ

The determinant of Hk (Dk) is determined as fol-
lows:

Dk � det Hk

Whenever aii is greater than 0 for all values of i,
aii þ ajj is greater than 2R[ajj] for i = j, and det Hk is
greater than 0 or all eigenvalues are positive, Hk is
said to be positive-definite,20 and so the extreme
point of the function is the local minimum. If all the
eigenvalues of Hk are negative, the matrix is said to
be negative-definite, and the extreme point is the
local maximum. If the eigenvalues have both posi-
tive and negative values, then the stationary point is
the saddle point.21 To obtain the optimum condi-
tions, all the process variables with positive effects
should be maximized, and those with negative
effects are to be minimized.

The eigenvalues for the physical properties are
given in Table V. All the eigenvalues for elastic
recovery are positive, and this indicates that the sta-
tionary point is a point of minimum response; how-
ever, the elongation and tenacity have negative and
positive eigenvalues, and this suggests that their sta-
tionary points are saddle points. Thus, it can be con-
cluded that all the properties have no local maxima,
as is readily evident from Table IV. The results of
the Box–Behnken design analysis can be summar-
ized as follows:

1. Maximization of the bath ratio (DMF/water) is
good for all three properties, that is, the elastic
recovery, elongation, and tenacity.

2. Minimization of the bath temperature is good
for all three physical properties.

3. Maximization of the stretch ratio is good for
elastic recovery and tenacity but degrades the
elongation values.

Experimental validation of the design results

The properties for elastomeric filaments in the order
of their importance are the elastic recovery, elonga-
tion, and tenacity. Any attempt to improve one
physical property affects the other properties as
well. In the current case, in which multiple
responses are observed, it would therefore be

Figure 5 Selected surface contours indicating the effects of (a) the bath ratio, (b) the bath temperature, and (c) the stretch
ratio on the tenacity.

TABLE IV
Process Parameter Conditions for the Maximum and Minimum Values of the Physical Properties

Variable

Maximum value Minimum value

Elastic recovery
(%)

Tenacity
(g/denier)

Elongation
(%)

Elastic recovery
(%)

Tenacity
(g/denier)

Elongation
(%)

Bath ratio 60 : 40 60 : 40 60 : 40 40 : 60 40 : 60 40 : 60
Bath temperature 15 15 15 19 15 15
Stretch ratio 1.8 1.8 1.2 1.2 1.2 1.8
Value 60 0.71 734 51.1 0.43 426
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appropriate for the property with the highest impor-
tance (elastic recovery) to be optimized first and for
the other properties (the elongation and tenacity) to
be ascertained to also be in the acceptable range.

The design analysis suggests that the true opti-
mum region for elastic recovery is far from the
experimental region, and there is thus room for fur-
ther enhancement of the elastic recovery property by
maximization of the bath ratio and stretch ratio and
minimization of the temperature. To validate this, a
set of spinning trials was carried out with an
increased DMF/water bath ratio of 65 : 35 at the
bath temperature of 15�C, but the spinning was not
feasible. Spinning was also not possible with a bath
concentration of 60 : 40 at a lower bath temperature
of 13�C. Therefore, it has been concluded that a
DMF/water bath ratio of 60 : 40 and a bath tempera-
ture of 15�C are the optimum conditions under this
experimental setup. To study the influence of higher
stretch ratios, fibers were spun with increasing
stretch ratios (up to 2.5) with a bath ratio of 60 : 40
at 15�C. A significant improvement in the elastic re-
covery property (Fig. 6) with an increase in the
stretch ratio (>1.8) further validated the results of
the Box–Behnken design. A stretch ratio higher than
2.5 could not be employed because of the practical
difficulty of handling low-modulus, very fine denier
monofilaments obtained at higher stretch ratios
(>2.5) on the existing machine. Therefore, the stretch

ratio of 2.5 was taken to be optimum. Although
higher stretch ratios were expected to cause a
decrease in the elongation, as predicted by the
design, nevertheless, both the elongation and tenac-
ity remained in the acceptable range, as shown in
Table VI.

Influence of the spinning conditions on the
fiber properties

Bath concentration and temperature

The influence of the bath concentration (DMF/
water) and bath temperature on the elastic recovery,
elongation, and tenacity is shown in the contour dia-
grams of Figures 3, 4, and 5, respectively. As the
DMF (solvent) concentration in the coagulation bath
increases, the enhancement of all three physical
properties can be observed. However, decreasing the
bath temperature causes an enhancement of the te-
nacity and elastic recovery, whereas the elongation
suffers slightly. SEM photographs (at both low and
high magnifications) of PU fibers spun with three
different bath concentrations are shown in Figure 7.
The pore density in the cross section increases as the

TABLE V
Eigenvalues for the Elastic Recovery, Elongation, and

Tenacity

Physical property Eigenvalues

Elastic recovery 0.39, 0.74, 1.6
Elongation �45.47, 27.3, 108.92
Tenacity 0.097, �0.079, 0.006

The eigenvalues were calculated with Matlab 7.

Figure 6 Influence of the stretch ratio on the elastic
recovery.

TABLE VI
Mechanical Properties of the Fibers Spun with Various Dope Solid Contents

Dope solid
content (%) Property

Stretch ratio

1.8 2.0 2.5

27 Elastic recovery (%) 59 62 64
Elongation (%) 822 743 611
Tenacity (g/denier) 0.58 0.60 0.63

29 Elastic recovery (%) 60 61 62
Elongation (%) 839 781 658
Tenacity (g/denier) 0.62 0.60 0.58

31 Elastic recovery (%) 58 60 61
Elongation (%) 956 871 761
Tenacity (g/denier) 0.57 0.56 0.44

The spinning conditions were as follows: a DMF/water ratio of 60 : 40 and a bath tem-
perature of 15�C. Coefficient of variation (CV) was �1.5% for elastic recovery, � 4% for
elongation, and � 7% for tenacity.
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nonsolvent content in the bath increases. A large
value of the heat of solution with a high nonsolvent
content in the coagulation bath is responsible for the
large void content, as reported by Hancock et al.22

At a constant bath ratio, the pore density increases
with an increase in the temperature. A high concen-
tration of the solvent (DMF) in the bath and a
reduced bath temperature lead to lower coagulation
rates and thus result in improved fiber properties.

At low temperatures, coagulation is retarded, and
thus more time is available for the internal adjust-
ment of osmotic stresses; this results in a denser and
more homogeneous fiber.23 In addition, slower coag-
ulation results in less skin formation, and this, in
turn, probably leads to reduced voids. The increased
coagulation rates at higher temperatures may result
in highly coiled soft segments to maximize the elon-
gation at break. These results confirm the established

Figure 7 Effect of the coagulation bath concentration (DMF/water) on the cross-sectional shape (1000�) and pore density
(10,000�) of the PU fibers: (a) 60 : 40, (b) 50 : 50, and (c) 40 : 60 (spinning conditions: bath temperature ¼ 15�C, stretch
ratio ¼ 1.8, dope solid concentration � 27%).
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Figure 8 Effect of the coagulation bath temperature on the pore density (10,000�) of the PU fibers: (a) 15, (b) 19, and (c)
23�C (bath ratio ¼ 60 : 40, stretch ratio ¼ 1.8, dope solid concentration � 27%).

Figure 9 Influence of the stretch ratio on the pore density in the cross section (10,000�) and surface morphology (3890�)
of the PU fibers: (a) 1.5, (b) 2.0, and (c) 2.5 (bath ratio ¼ 60 : 40, bath temperature ¼ 15�C, dope solid concentration � 27%).
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trend that slow coagulation leads to superior proper-
ties. The bean-shaped cross section of the fiber may
be attributed to the higher outflux of the solvent
from the filament into the bath in comparison with
the influx of the nonsolvent from the bath into the
filament.24 The effect of increasing the bath tempera-
ture with a constant concentration of the solvent in
the bath (Fig. 8) is the same as that of decreasing the
concentration of the solvent in the coagulation bath.

Stretch ratio

The influence of the stretch ratio on the elastic recov-
ery, elongation, and tenacity is shown in the contour
diagrams of Figures 3, 4, and 5, respectively. It is
clear from the contour diagrams that the elastic re-
covery and tenacity increase with an increase in the
stretch ratio, whereas the elongation decreases. The
increase in the tenacity and elastic recovery at higher
stretch ratios is generally attributed to (1) the supe-
rior orientation of hard segments along the fiber
direction, which eliminates the resistance to recovery
from deformation that would result from the nonax-
ially oriented crystalline domains; (2) the high
degree of bridging of hard-segment domains along
the fiber direction through coiled soft segments; and
(3) the elimination of chain folding, regular or irreg-
ular, which prevents loops that would not contribute
to elasticity.16 Increasing the stretch ratio contributes
to all these possibilities.

The SEM photographs shown in Figure 9 illustrate
the surface morphology of PU fibers. The fibers
appear to have a rough surface structure with irreg-
ular stripes. These are formed by the depression of
voids in the fibers, which are common in fibers
made in low-concentration regions, and the fibers
are elongated while in the coagulation bath.25 The
photographs also suggest that the surface smooth-
ness of the fibers improves as the stretch ratio is
enhanced. The surface morphology of the fibers,
shown in Figure 9(a2), indicates that the elongated
pores which are conspicuous at lower stretch ratios
(1.2–1.8) are stretched at higher stretch ratios (2.5),
as shown in Figure 9(c2), because of the healing
effect. Thus, the pore size and number of pores are
reduced with the stretch ratio [Fig. 9(b1,c1)]. The

increase in the elastic recovery of the fibers at a high
stretch ratio of 2.5 may be due to the orientation of
hard-segment domains.

Influence of the spinning parameters on the
structural variables

In wet spinning, structural variables such as the ori-
entation and density of the fiber depend on the pro-
cess variables, which govern the phase equilibria
and the kinetics of phase separation (the coagulation
rate). The densities of fibers spun under various pro-
cess conditions are presented in Table VII. The data
suggest that the density of the fibers increases with
the stretch ratio, and this validates eqs. (4) and (5).
The sonic modulus, which is a measure of the
molecular orientation, was measured for the fibers
spun with a DMF/water bath ratio of 60 : 40 and a
bath temperature of 15�C for different stretch ratios
and is presented in Figure 10. The increase in the
sonic modulus of the filaments with the stretch ratio
indicates an enhancement of the degree of molecular
orientation for the fibers, which validates eqs. (6)
and (7). The increase in the density and orientation
at higher stretch ratios can be attributed to (1) the
elimination of chain folding, which prevents loops;
(2) the superior orientation of hard segments along

TABLE VII
Fiber Density for the Dry-Jet-Wet Spun PU Fibers

Dope solid content (%)

Fiber density (g/cc)

Stretch ratio ¼ 1.2 Stretch ratio ¼ 1.5 Stretch ratio ¼ 1.8 Stretch ratio ¼ 2.0 Stretch ratio ¼ 2.5

27 1.265 1.267 1.269 1.27 1.273
29 – – 1.269 – 1.271
31 – – 1.268 – 1.271

The results were averages of 10 readings (CV � 0.6%). The other spinning conditions were as follows: a bath ratio of
60 : 40 and a bath temperature of 15�C.

Figure 10 Sonic modulus of the fibers with various
stretch ratios (bath ratio ¼ 60 : 40, bath temperature ¼
15�C).
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the fiber axis; and (3) the facilitation of a high
degree of bridging by hydrogen bonding and better
packing of the long-chain molecules.

Effect of the dope solid content on the
elastic recovery

Generally, a higher dope solid content increases the
productivity of a spinning operation in addition to
the chain entanglement density, and hence superior
fibers are expected. To explore the influence of the
dope solid content on the fiber properties, a set of
spinning trials was carried out with dope solid con-
tents of 25, 29, and 31% and with optimized parame-
ters obtained by the Box–Behnken design, that is, a
bath ratio of 60 : 40, a bath temperature of 15�C, and
stretch ratios of 1.8, 2.0, and 2.5. Fibers spun with a
solid content of 25% were weak, and frequent breaks
were encountered in the stretching bath; hence, dope
solid contents of 27, 29, and 31% were considered
for comparison. Table VI summarizes the mechanical
properties of fibers spun with dope solid contents of
27, 29, and 31%. The fibers spun with a dope solid

content of 27% exhibit better elastic recovery than
those spun with dope solid contents of 29 and 31%.
The pore size and pore density also increase with
the dope solid content, as shown in the inset of
Figure 11. This increase in the pores/voids may be
responsible for the decrease in the fiber properties as
well as fiber density (Table VII). In solution spin-
ning, the mechanism of fiber formation is controlled
by phase separation during coagulation: the dope
solution is segregated into a polymer-rich phase and
a polymer-lean phase. When the concentration of the
spinning dope is below the critical point, the poly-
mer-lean phase is continuous, and the polymer-rich
phase is discontinuous; eventually, fewer voids are
formed, and the converse is true for concentrations
above the critical point. This accounts for the possi-
ble deterioration in the properties with dope solid
contents greater than 27%.

Effect of the dry-jet length on the fiber properties

To study the influence of the dry-jet length (i.e., the
air gap length) on the fiber properties, a set of fiber
spinning trials was carried out through the variation
of the jet length from 0 to >30 mm. Wet spinning
(when the dry-jet length is zero) was not feasible
with this machine setup. Dry-jet-wet spinning below
the dry-jet length of 10 mm and above 30 mm was
also not possible because of frequent breaks. How-
ever, trouble-free spinning was observed in the jet
length range of 15–25 mm. The reason may be that
at a jet length below 10 mm, the natural spin draw
in the air gap is quite low, and this results in a
coarse-diameter fluid jet at the point of coagulation.
The coagulation causes a skin formation that may in-
hibit or delay the coagulation of the fluid core. The

TABLE VIII
Mechanical Properties of the Fibers Spun with Various

Jet Lengths

Property

Jet length (mm)

15 20 25

Elastic recovery (%) 63 64 64
Elongation (%) 600 611 626
Tenacity (g/denier) 0.63 0.63 0.63

The optimum spinning conditions were as follows: a
bath ratio of 60 : 40, a bath temperature of 15�C, and a
stretch ratio of 2.5.

Figure 11 Effect of the dope solid content on the cross-sectional shape (�1000) and pore density (in the inset; 10,000�)
of the spun PU fibers: (a) 29 and (b) 31% (bath ratio ¼ 60 : 40, bath temperature ¼ 15�C, stretch ratio ¼ 1.8).
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take-up forces from the godet roller may cause slip-
page between the solid skin and the fluid core,
resulting in breakage. On the other hand, at jet
lengths of about 30 mm and greater, the spin draw
in the air gap is too high, presenting a much finer jet
at the point of coagulation. The rheological forces
that develop in the coagulated fine-denier filament
cannot sustain the stresses of the take-up rollers and
thus break. Hence, fiber spinning was observed to
be difficult at jet lengths of less than 10 and more
than 30 mm. For a comparison of the effect of the jet
length, fibers were therefore spun with three dry-jet
lengths (15, 20, and 25 mm) and tested for the elastic
recovery and tensile properties. No statistically sig-
nificant differences were observed at the 95% confi-
dence level in the elastic recovery and tensile prop-
erties among the fibers obtained with various jet
lengths, as shown in Table VIII.

CONCLUSIONS

Elastomeric PU fibers have been successfully spun
with the dry-jet-wet spinning technique and are
reported for the first time in the open literature. The
spinning variables, that is, the coagulation bath con-
centration, bath temperature, and stretch ratio, have
been optimized with the Box–Behnken design. The
minimization of the bath temperature and coagula-
tion bath ratio (DMF/water) is good for all three
physical properties, whereas maximization of the
stretch ratio is good for the elastic recovery and te-
nacity but reduces the elongation. The optimum
fiber properties have been obtained at a DMF/water
bath ratio of 60 : 40, a bath temperature of 15�C, and
a stretch ratio of 2.5.

Increasing the bath temperature has an effect simi-
lar to that of increasing the nonsolvent (water) con-
tent in the coagulation bath. Higher stretch ratios
cause the healing of pores on the surface, resulting
in improved smoothness and elastic recovery of the
fibers; however, there is a slight decrease in the
elongation. The structural parameters, that is, the

density and molecular orientation, also increase with
the stretch ratio. A dry-jet length in the range of 20
mm and a dope solid content of 27% produce rea-
sonably good fibers. The effects of the Shore hard-
ness of PU on the spinnability and fiber properties
will be discussed in our next article.
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