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SYNOPSIS

The influence of an air gap on the formation of a filament spun from a solution of cellulose
in N-methylmorpholine N-oxide was studied. A number of parameters were investigated,
principally, air-gap length, temperature, and humidity and the water content in the polymer
solution. Their effect on the draw-down profile and orientation of the filament in the air
gap was determined and compared to the structure and properties of the resulting fibers.
It is shown that all these parameters have a strong influence on the structure formation
process. Depending on the combination of parameters used, the phenomenon of draw res-
onance may or may not be observed. The results indicate that the cooling of the filament
is driven by two simultaneous processes. Modifying the parameters studied also causes
significant changes to the resulting fiber properties, but the fiber structures, measured by
birefringence and wide-angle X-ray diffraction, appear almost identical. © 1996 John Wiley

& Sons, Inc.

INTRODUCTION

In previous publications,*® we showed how the

structure of a Lyocell fiber is built up during the
spinning process and how physical parameters such
as the spinning speed and the draw ratio affect this
structure. We were able to verify that the predicted
filament profile in the air gap fits well with mea-
surements made in our laboratory, which show that
the profile is unaffected by the draw ratio. We found
that the draw length was controlled by the volu-
metric flow rate  of the cellulose solution. The bi-
refringence in the air gap (which is a measure of
orientation) was measured and found to be propor-
tional to the stress, except for the narrowest fila-
ment, for which some chain slippage was indicated.
In the coagulation bath, the precipitation of the cel-
lulose was diffusion-driven. The birefringence of the
dry fiber depended only slightly on the prebath bi-
refringence, except for highly unoriented fibers. We
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showed that a highly fibrillar structure is obtained,
along with good mechanical properties, above a cer-
tain draw ratio. This limit was as low as five with a
100 um spinneret.

Other work has been done in this field. Dubé and
Blackwell® studied the effect of precipitation con-
ditions, solution composition, and drying conditions
on the structure of the fibers. Navard and Haudin*
looked mainly at the effect of draw ratio (Dg), show-
ing the presence of draw resonance above a Dy of
55. Quenin® looked at various parameters such as
the type of amine oxide used as a solvent. The patent
literature®® covers the fact that an air gap must be
used in the process. Other work has been done by
Taeger et al.® and Simon.!® None of this work has
looked in detail at how the air gap affects the for-
mation of the fiber. The air gap is an important part
of the process because it allows the drawing of the
fiber to the desired linear density (dtex) and the
orientation of the polymer to impart it with good
mechanical properties, which makes poststretching
unnecessary. It also allows the simultaneous use of
a spinneret above 90°C and a coagulation bath at a
different temperature.

In the air gap, there are several processes going
on: the reduction in temperature of the filament, the
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mass transfer of water across its surface, the accel-
eration of the material and reduction in its diameter,
the orientation of the polymer chains, and the pos-
sible crystallization of the cellulose or the cellulose
solution. In this work, we looked at the effect of the
air-gap conditions on the fiber formation. The air-
gap length was studied and, in particular, the effect
of shortening it to shorter than the draw length (i.e.,
the distance in which the filament is fully drawn?).
We imposed different air conditions (temperature
and relative humidity) on the fiber from cold and
dry to warm and humid to determine if this causes
any difference to the several processes involved. The
water content in the cellulose solution has also been
varied to give a different rate of mass transfer into
and out of the filament.

As in previous publications,? the diameter of the
filament and the orientation of the polymer via the
birefringence have been tracked through the air gap.
The results were compared to the structures and
properties of the resulting fibers.

EXPERIMENTAL

A solution of 15% dissolving pulp of DP, 600 from
the International Paper Co. in a mixture of 87%
NMMO and 13% water was spun from a Davenport
melt indexer as described before.! Single-hole spin-
nerets were used, of 100 and 300 um outlet diameter.
The spinning air-gap length was varied from 10 to
250 mm and the draw ratio was 10.4.

Each fiber was spun either with or without con-
ditioned air. The conditions used were < 2% relative
humidity (RH) at 0, 10, 33, and 58°C and 100% RH
at 30°C. Saturation was quite easy at 30°C, but there
was a fair degree of condensation on the apparatus.
This did not prove to be a problem, but spinning
was not possible when the air was conditioned to
40°C and 100% RH: The fiber “necked” down and
broke, showing capillary fracture and strong exten-
sion thinning.

The diameter of the filament was measured using
a device that has been described in an earlier arti-
cle.!! This device had the advantage that it could be
used simultaneously with the birefringence monitor
described previously,!! using the same laser and
ADC computer input. When necessary, the diameter
data was converted into a dimensionless velocity.!

The diameters of never-dried and dry fibers were
measured on an Olympus optical microscope, as were
their birefringences, with the aid of a Berek com-
pensator. The crystallinity of the fibers was mea-
sured using a wide-angle X-ray diffraction (WAXD)

technique described previously.! WAXD was also
used to determine the crystalline orientation factor
from the 101 and 101 equatorial peak half-widths.

Fiber tensile testing was carried out on an Instron
4301 tester on 20 fibers from each sample, condi-
tioned to 20°C and 65% RH. Linear densities
(dtex’s) were calculated from measurements of the
fiber diameters on a Zeiss optical microscope.

RESULTS AND DISCUSSION

Air-gap Length

The air-gap length has quite a strong effect on the
diameter profile, especially when the spinneret size
is large [Fig. 1(a)]. As the air gap is shortened, the
die swell is reduced and disappears for an air gap of
10 mm. The difference in profile is less clear when
the spinneret size is small [Fig. 1(b)]. The results
are expressed in terms of the dimensionless velocity,
better to show the differences [Fig. 2(a) and (b)].
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Figure 1 Diameter of the filament in the air gap as a
function of distance from the spinneret with different air
gap lengths. (a) 300 um spinneret: ((J) 10 mm air gap; (A)
50 mm air gap; (O) 250 mm air gap. (b) 100 pm spinneret:
(O) 20 mm air gap; (A) 250 mm air gap.
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Figure 2 Dimensionless velocity of the filament in the
air gap as a function of distance from the spinneret with
different air gap lengths. (a) 300 um spinneret: ((I}) 10 mm
air gap; (A) 50 mm air gap; (O) 250 mm air gap. (b) 100
pm spinneret: ((J) 20 mm air gap; (4) 250 mm air gap.

We see that the air-gap length has a more significant
influence on the velocity profile with a 300 um spin-
neret than with a 100 um spinneret. Whatever the
spinneret size and air-gap length, however, all the
draw occurs in the air gap.

As described earlier,! the draw length, D, , is de-
fined as the distance from the spinneret at which
the filament becomes fully drawn; it was found? that
the draw length is more or less proportional to the
volumetric flow rate € of the material. According to
Figure 1(a), D, with a 300 um spinneret is in the
region of 250-300 mm, which nearly allows the ve-
locity of the material to stabilize when using a long
air gap [see Fig. 2(a)]. With a short air gap, on the
other hand, the velocity of the material does not
have enough time to stabilize.

This is easy to see in Figure 2(a), especially with
the 10 mm air gap, where there is a linear relation-
ship between the dimensionless velocity and the
distance from the spinneret, up to the entrance to
the spin bath. As @ is the same, Dy is held constant
and is much longer than the air gap, which forces
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the material to accelerate rapidly toward the spin
bath. This explains why the die swell disappears.
With a 10 mm air gap, a draw resonance effect was
observed (see below). The values shown on the
graph are thus of the mean diameter at a particular
distance from the spinneret. For the 50 mm air gap,
we observe in Figure 2(a) that the velocity profile
in the first millimeters after the spinneret is similar
to the long air-gap profile, but as the draw length is
still longer than the air gap, the material must ac-
celerate toward the spin bath.

When using a 100 um spinneret, the flow rate @
is smaller than the 300 um case by a factor of nine,
since the line speed is held constant. Therefore, the
draw length should be expected to be between 30
and 35 mm.? In Figure 1(b), we observe D, to be
about 40 mm, which is a very good agreement, taking
into account the simplicity of the model that was
employed. In this experiment, the velocity has much
longer to stabilize than with the 300 um spinneret,
since the draw length is much shorter than is the
air gap. Conversely, with the 20 mm air gap, the
velocity of the material does not have enough time
to stabilize and a linear relationship results.

Figure 3 shows the growth of birefringence as a
function of the dimensionless velocity, with different
air gaps and spinnerets. With the 100 um spinneret,
the experimental points lie on the same curve for
both air gaps and the filament has the same orien-
tation as it enters the spin bath, since the birefrin-
gence has the same value. The birefringence is not
proportional to the dimensionless velocity, which
indicates the occurrence of chain slippage.? This
happens when the cooling is sufficiently effective to
allow the polymer chains to approach full extension
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Figure 3 Birefringence of the filament through the air
gap as a function of dimensionless velocity, with different
air-gap lengths and spinnerets. 300 um spinneret: ({(J) 10
mm air gap; (A) 50 mm air gap; (O) 250 mm air gap. 100
um spinneret: (M) 20 mm air gap; (¢) 250 mm air gap.
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Figure 4 Fiber diameter as a function of time. 100 um
spinneret: {(a) during draw resonance, draw ratio = 10.4,
10 mm air gap; (b) during draw resonance, draw ratio = 40,
10 mm air gap; (c) in the absence of draw resonance, draw
ratio = 10.4, 250 mm air gap.

while the material is still being drawn and when the
relaxation is very weak.

With the 300 um spinneret, the linear relationship
in all three cases indicates the absence of chain slip-
page. We also observe that the birefringence at the
end of the air gap is much lower than with the 100
um spinneret. Both these phenomena are due to the

poorer cooling with the wider spinneret and lower
viscosity, which leads to lower stress.

Concerning the shorter air gaps (50 and 10 mm),
the increase in birefringence is even smaller. This
is because the draw is forced to occur where the ma-
terial is hotter, since the cooling rate is unchanged.
Additionally, as seen in Figure 2(a), the filament
accelerates rapidly, leading to a very high extension
rate and strain thinning. All these phenomena will
further reduce the stress and the relaxation time,
which explains why the birefringence increases so
slowly, especially with the 10 mm air gap. It should
be noted that with this very short air gap the straight
line which fits the experimental points does not pass
through the origin, but starts at a birefringence of
1 X 1074, This is due to the absence of die swell, as
noted above, and of the associated relaxation of ori-
entation through the spinneret.

Draw Resonance

Draw resonance, which is a periodic pulsation of the
filament diameter, is a problem normally seen in
melt spinning, when the cooling regime is poor and
at very high draw ratios, 1>'® and which was reported
for cellulose /NMMO spinning in the latter condi-
tion by Navard and Haudin.* These authors showed
that above a “critical draw ratio” of 55 draw reso-
nance occurs. Our results are shown in Figure 4.
Figure 4(a) shows that the critical draw ratio with
a 100 um spinneret and 10 mm air gap is less than
10.4, because draw resonance is observed. The fre-
quency, in this case, is 8.25 Hz.

Figure 4(b) shows the effect of increasing the
draw ratio when draw resonance is already observed.
The resonant frequency is reduced from 8.25 to 3.75
Hz. The resonance appeared chaotic, rather than
simple, in the same way that Navard and Haudin*
observed in some cases. The decrease in frequency
with increasing draw ratio is consistent with theory
and other experimental work.!®> When the air gap is
lengthened from the case shown in Figure 4(a), draw
resonance disappears [Fig. 4(c)], because the ve-
locity of the material has more time to stabilize. This
explains why, using a 370 um spinneret and 190 mm
air gap, Navard and Haudin observed a higher crit-
ical draw ratio of 55. The draw resonance could also
be removed while maintaining a short air gap, by
cooling the filament. This was described by different
authors'>*® and confirms that the presence or ab-
sence of draw resonance is a function of the cooling
and draw regimes.
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Fiber Structure and Properties

With a 100 um spinneret, even with a large difference
in air-gap length, there was no difference in the bi-
refringence at the entrance to the spin bath (Fig.
3}, so it would not be expected that the final fibers
should be different. This is what we note in Table
I, since the birefringence, polymer crystallinity, and
crystalline orientation factor are unaffected by the
air-gap length. In addition, there is no net effect on
the fiber initial modulus.

There is a certain relationship to the tenacity and
extension at break, however, in that a longer air gap
gives an increase. This has been observed in inde-
pendent cases. Our interpretation of the observed
phenomenon is as follows: We have already shown!
that after 20 mm in the air gap the surface temper-
ature of the filament is of the order of 90°C, and
after a 250 mm air gap, it is possibly as low as am-
bient temperature. This causes the depth of thermal
quench on entering the spin bath to be much higher
in the former case, which, as the material is a mul-
ticomponent system, leads to more severe phase
separation through spinodal decomposition.’®%®
This decreases the interpenetration of chains be-
tween polymer regions (at least longitudinally ) and
increases the number of weak points, reducing both
the tenacity and the extension at break.

Air-gap Conditioning

The results have, again, been expressed in terms of
the dimensionless velocity, better to show the effects.
Conditioning the air gap has a certain influence on
the velocity profile (Fig. 5). As would be expected,
the draw down was much quicker with cooler and
drier conditioning air. This is due to a faster increase
in viscosity as the polymer solution is cooled more
quickly, concentrating the draw near the spinneret
where the solution is hottest and has the lowest vis-
cosity. Comparing Figure 5(a) and (b) with Figure
2(a) and (b), we can see that conditioning the air
gap with warm and humid air gives rise to the same
overall filament shape as when not conditioning the
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Figure 5 Dimensionless velocity of the filament in the
air gap as a function of distance from the spinneret with
different air-gap conditioning. 100 um spinneret: (a) 20
mm air gap; (b) 250 mm air gap. ((O) 2% RH, 0°C air; (A)
100% RH, 30°C air.

air, but the draw length is somewhat shorter, due to
slightly better cooling. With warm and humid air
conditioning, the draw length observed with a long
air gap is between 40 and 50 mm. This causes some
forced acceleration with a 20 mm air gap.

Table II shows the effect of air-gap conditioning
on the die swell. We note that the die swell is reduced
by conditioning the air gap, even with warm and
humid air. This indicates higher stress in the spin
line and, hence, better cooling or a difference in
composition due to mass transfer effects. We would

Table I Physical Properties of Fibers Spun with Different Air-gap Lengths; 100 um Spinneret;

Draw Ratio = 10.4

Extension
Air-gap Modulus Tenacity at Break Crystalline Crystalline
Length (GPa) (GPa) (%) An Index (%) Orientation Factor
250 mm 19.8 0.60 = 0.03 11.3 £ 0.3 0.041 43 + 2 0.94
20 mm 19.8 0.53 = 0.02 9.1 +0.6 0.041 43 £ 2 0.94
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Table II Die Swell in % with Different Air-gap
Conditions; 100 ym Spinneret; Draw Ratio = 10.4

Air-gap 20 mm 250 mm

Conditioning Air Gap Air Gap
No conditioning 36 40
100% RH/30°C 19 15
2% RH/0°C 8 10

therefore expect the orientation created in the spin-
neret to relax less when conditioning, especially with
cold, dry air. In that case, the birefringence in the
early part of the air gap is expected to be high. This
is what we observe in Figure 6 (a), which shows the
effect of cold, dry air-gap conditioning on the rela-
tionship of the birefringence to the dimensionless
velocity. Note that the lowest points on this graph
correspond to a distance of only 1 or 2 mm from the
spinneret. They indicate a much higher birefrin-
gence than do the corresponding points with a warm,
humid air gap [Fig. 6(b)] or with no conditioning
(Fig. 3).

With cold, dry air, the birefringence at the end
of the air gap with conditioning [Fig. 6(a)] was al-
ways significantly higher than the 0.0013 without
(Fig. 3). With warm, humid air, this phenomenon
is observed [comparing Fig. 6(b) and Fig. 3) only
when the air gap is short. These higher birefrin-
gences are due to higher orientation arising from a
higher stress,? which, in turn, is a result of higher
viscosity owing to the better cooling when the air
gap is conditioned.

In the case of a long air gap and warm and humid
air conditioning, the birefringence just before the
surface of the bath is, on the contrary, rather low.
This will be explained later on. In all cases, there is
a certain amount of slippage during draw, up to a
dimensionless velocity of around 9, indicated by
nonproportionality in the birefringence/dimen-
sionless velocity relationship.?

Whatever the air gap, the situation appears very
surprising with cold and dry air [Fig. 6(a)]. After
a large amount of draw with little orientation, there
is a regime where orientation appears to increase,
almost in the absence of any drawing. In the case
of the long air gap, there are larger errors in the
experimental points, due to lateral movement in the
long threadline. This increase of orientation re-
flected in an increase in birefringence at the end of
the curves may be induced by the high stress in the
material, which is already highly oriented and is su-
percooled in the sense that it is at a temperature

much lower than that at which it would crystallise
given enough time.

The behavior of the birefringence of the filament
in a long air gap with warm, humid air is even more
surprising [ Fig. 6(b)]: After reaching a maximum,
which corresponds to 30 mm covered in the air gap
[see Fig. 5(b)], the birefringence falls away. In the
final 200 mm, this occurs in the absence of any draw.
This is because the filament has been cooled to a
certain degree, and since NMMO is very hygro-
scopic, it will have a tendency to absorb water. It is
able to do this relatively easily, as it is exposed to
an atmosphere saturated with water vapor and re-
mains there for quite a long time (at least 0.5 s).
The absorption of water reduces the viscosity of the
material, leading to relaxation.
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Figure 6 Birefringence of the filament through the air
gap as a function of dimensionless velocity: (a) air-gap
conditioning = 2% RH, 0°C; (b) air-gap conditioning
=100% RH, 30°C. (J) 20 mm air gap; (A) 250 mm air
gap.
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different air-gap temperatures. 100 um spinneret, 20 mm
air gap: ((J) 2% RH, 0°C; (A) 1% RH, 33°C; (O) 0% RH,
58°C.

The increase in birefringence with a small air gap
is almost identical, but, in contrast, we do not ob-
serve any subsequent decay. The phenomenon of
decreasing viscosity does not have time to take place,
since this effect only starts after several centimeters
in the air gap. This is why we observe only a slight
chain slippage while the filament cools until it enters
the spin bath.

Figures 7 and 8 show the effect of changing the
air temperature for a short air gap. The air used was
held as close to 0% RH as possible. The velocity
profile is similar and the difference in the draw re-
gime is small (Fig. 7). Increasing the temperature
of the air gap might be expected to decrease the
magnitude of cooling of the filament, leading to a
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Figure 8 Birefringence of the filament through the air
gap as a function of dimensionless velocity, with different
air-gap temperatures. 100 um spinneret, 20 mm air gap:
(O) 2% RH, 0°C; (A) 1% RH, 33°C; (O) 0% RH, 58°C.
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Figure 9 Dimensionless velocity of the filament in the
air gap as a function of distance from the spinneret with
different air-gap temperatures. 100 um spinneret, 250 mm
air gap: (B) 2% RH, 0°C; (O) 0% RH, 58°C.

decrease of the birefringence. This is what we ob-
served for a temperature increase from 0 to 33°C,
but little change occurs between 33 and 58°C (Fig.
8). This indicates that cooling is not uniquely
through the air temperature, but can happen via
mass transfer (evaporation of water), which causes
a change in temperature and solution viscosity. The
principal cause is the dryness of the air. Neverthe-
less, if the air is cold as well as being dry, there does
appear to be a noticeable increase in cooling and,
hence, in birefringence. Figures 9 and 10 show the
effect of changing the air temperature with a long
air gap. The general form of the velocity profile is
similar but we note two differences with hot air (Fig.
9): There is a leveling off at the dimensionless ve-
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Figure 10 Birefringence of the filament through the
air gap as a function of dimensionless velocity, with dif-
ferent air-gap temperatures. 100 um spinneret, 250 mm
air gap: (B) 2% RH, 0°C; (O) 0% RH, 58°C.
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locity of 7.5 and an acceleration phenomenon toward
the spin bath.

This suggests a two-stage cooling process. In the
first, there is evaporation of water from the filament
similar to the short air-gap case, which causes the
temperature to drop lower than 60°C. Second, fur-
ther down the threadline, this process stops, as there
is no more water to evaporate. The filament will
then reequilibrate to the ambient temperature,
which, in this case, is 58°C, causing the viscosity to
drop, allowing further drawing of the material to-
ward the coagulation bath. This effect is clearly seen
in Figure 10. With these hot-air conditions, after a
supercooling-induced increase in birefringence, we
observe some slippage to occur just before the fila-
ment enters the spin bath. Evidently, this phenom-
enon cannot happen with dry, cold air, for which we
observe just the stress-induced increase in birefrin-
gence already described.

In contrast to the air-gap length, the air-gap con-
ditions did have a significant effect on the birefrin-
gence of the filament at the entrance to the spin
bath. Therefore, it might be expected that the final
birefringence of the filaments would be different.
They were not, though, being almost exactly the
same at a value around 0.041. The crystallinity and
the crystalline orientation factor were also measured
and were found to be about the same for all of the
samples, similar to the values quoted in Table L.

The mechanical properties of the fibers are shown
in Table III. With one exception (a short air gap
and hot, dry air), there does not appear to be any
difference in the initial moduli of the fibers. This is
consistent with the similarity of the observed fiber
structures.

It is clear, comparing this data with Table I, that
air conditioning has a significant effect on the fiber
tenacity. With a short air gap, the tenacity is gen-
erally increased, especially by warm and humid air.
In this case, the extra cooling from conditioning the

air strengthens the fiber, but the high degree of chain
slippage and stress-induced orientation with dry air
conditions, noted above, leaves stresses and faults
in the fiber, acting against the strengthening effect.
This is why the fiber spun with humid air has the
highest tenacity.

With a long air gap, the situation is more com-
plicated: With cold dry air, the increase in tenacity
on lengthening the air gap is of the same order as
with no conditioning. In this case, at least, the effects
appear to be additive. When the air is hot, however,
and particularly when it is humid, there appears to
be a strong interaction: The tenacity is much lower.
It may be no ceoincidence that these were the two
cases where the birefringence at the bottom of the
air gap was the lowest, suggesting a relaxation phe-
nomenon. At first sight, this may seem to contradict
what was noted above—that the initial modulus and
bulk orientation of the fibers are approximately all
the same. We have already seen in previous work,
however,? that the tenacity can be varied while the
modulus and orientation appear fixed, by changing
the draw ratio, which affects mainly the orientation,
at least before coagulation. Our interpretation would
therefore be that the tenacity drop is, indeed, a re-
laxation effect, but in a way that is too subtle to
observe with bulk orientation measurements.

Polymer Solution Water Content

The solution water content was looked at in the light
of the results on the air-gap moisture content above,
to see if there is an interaction. Therefore, air-gap
conditioning of 0°C/2% RH and 30°C/100% RH
was used, with a 20 mm air gap. The solutions used
contained 15% cellulose and water contents of 7.8,
10.7, and 12.3%.

With both sets of air-gap conditions, the effect
of the solution’s water content on the draw profile
was measured. We did not observe a significant dif-

Table III Mechanical Properties of Fibers Spun with Different Air-gap Conditions;

Spinneret Size = 100 um; Dy = 10.4

Air-gap Length Air-gap Initial Modulus Tenacity Extension at Break

(mm) Conditioning (GPa) (GPa) (%)

250 2°C, 0% RH 22+ 3 0.65 = 0.03 9+1

250 33°C, 100% RH 21 £ 2 0.41 + 0.02 6+1

250 58°C, 0% RH 19 £ 2 0.48 >+ 0.01 10x1

20 2°C, 0% RH 20 + 2 0.56 = 0.01 7T+1

20 33°C, 100% RH 21 £ 2 0.68 + 0.02 10+ 1

20 58°C, 0% RH 17+ 2 0.51 = 0.01 10+1
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Figure 11 Birefringence of the filament through the
air gap as a function of dimensionless velocity, with dif-
ferent polymer solution water contents. 100 pm spinneret:
(a) 20 mm, 2% RH, 0°C air gap; (b) 20 mm, 100% RH,
30°C air gap. Solution: (OJ) 7.8% water; (A) 10.7% water;
(O) 12.3% water.

ference from the results shown in Figure 5(a): In
neither case does the water content in the solution
affect the draw regime. However, a clear trend for
the orientation of the polymer as a function of the
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dimensionless velocity is seen in Figure 11. It is su-
perior with a drier solution. This is due to the water
content of the solution having an effect on its vis-
cosity. The anhydrous NMMO molecule is capable
of forming two hydrogen bonds with cellulose, on
adjacent glucose residues, in a kind of bridging
structure.?’ This has the effect of stiffening the
chain. However, in monohydrate NMMO, one of
these hydrogen bond sites is taken up by a water
molecule, so that the NMMO can form only one
hydrogen bond. It is then unable to bridge along the
cellulose chain, which remains more flexible as a
result. Thus, increasing the amount of water in the
solvent reduces the viscosity of the solution.

Our explanation for the observed different be-
havior with regard to drawing and orientation is that
the orientation is a function of absolute viscosity,
but the draw profile is only a function of how the
viscosity evolves along the threadline, as we have
shown previously.!? It appears that the cooling re-
gime, and, hence, the viscosity profile, is independent
of the solution water content, in contrast to the
magnitude of the viscosity.

With cold, dry air-gap conditions [Fig. 11(a)], the
trend already seen in Figure 6(a) is found again for
the three different solution water contents, in that
the birefringence increases with very little drawing,
indicating supercooling of the highly stressed ma-
terial. Overall, concerning draw-down and orienta-
tion, there is little evidence for an interaction be-
tween the solution water content and the air-gap
conditioning, as the effects noted above appear to
be additive.

The birefringence, crystalline index, and crystal-
line orientation of these fibers were measured and
found to be very similar to the values recorded for
the fibers spun with different air-gap lengths (Table
I). The mechanical properties of the fibers are shown
in Table IV. It can be seen that there are differences
in mechanical properties depending on the water
content of the solution and the air-gap conditioning.

The effect noted above of air-gap conditioning is
confirmed, that warm, humid air gives rise to stron-

Table IV Mechanical Properties of Fibers Spun with Different Dope Water Contents:
Spinneret Size = 100; pum; Dg = 10.4; Air-gap Length = 20 mm

% Water in Air-gap Modulus Tenacity Extension at Break
Polymer Solution Conditioning (GPa) (GPa) (%)
7.8 2% RH/0°C 21.2+ 2 0.63 = 0.02 7.2 +05
7.8 100% RH/30°C 209 £ 2 0.68 + 0.02 9.8 + 0.5
12.3 2% RH/0°C 199+ 2 0.56 + 0.02 7.7+ 05
12.3 100% RH/30°C 189 = 2 0.64 + 0.02 10.8 + 0.5
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ger fibers which have a longer extension at break.
It can also be seen that the fiber is weaker, as well
as being slightly less stiff, when the cellulose solution
contains more water. The higher orientation in the
air gap is translated into better properties. Again,
the effect of the solution’s water content appears to
be additive rather than interactive, in contrast to
the air-gap humidity. Therefore, the effect of the
amount of water is different in the air and in the
polymer solution.

CONCLUSIONS

We have demonstrated the influence of the air-gap
length, temperature, and humidity, as well as the
solution’s water content, on the formation of the
filament. With a long air gap, whatever the spinneret
size used, the velocity of the material has time to
stabilize. With a short air gap, however, there is not
enough time for the velocity to stabilize, so the ma-
terial is forced to accelerate rapidly toward the spin
bath. This is accompanied by the reduction or dis-
appearance of the die swell. We have also shown
that the conditioning of the air gap also has influence
on the die swell. In particular, there is significant
decrease with cold, dry air. With a 100 um spinneret,
irrespective of the air-gap length, we have shown
the occurrence of chain slippage during the air-gap
draw. This chain slippage disappears with a 300 um
spinneret, but the birefringence at the entrance to
the spin bath is lower, due to poorer cooling and
lower viscosity which leads to lower stress.

We have demonstrated the occurrence of draw
resonance for a draw ratio of 10.4 and an air gap of
10 mm. Increasing the draw ratio decreases the res-
onant frequency. Using a longer air gap or changing
the cooling of the filament causes the draw resonance
to disappear.

Conditioning the air gap has a certain influence
on the velocity profile. With cold, dry air with long
and short air gaps, we observe a large amount of
draw with little orientation followed by a regime
where orientation appears to occur almost in the
absence of any drawing. This effect may be induced
by the high stress on the supercocled filament. In a
long air gap with warm, humid air, the birefringence
falls away after reaching a maximum; there is ab-
sorption of water, which reduces the viscosity of the
polymer solution, leading to relaxation and a re-
sulting lower fiber tenacity. We have shown that the
cooling of the filament is driven by two simultaneous
processes: mass transfer { evaporation of water) and
heat transfer with the surrounding air.

A lower solution water content increases the ori-
entation of the polymer. This is attributed to the
higher viscosity when less water is present, making
the stress higher. This leads to a higher breaking
tenacity in the resulting fibers.

The general effect of the air-gap conditions on fiber
tenacity showed certain interactions; the strongest fi-
bers were spun with a long, dry air gap or a short,
humid air gap. None of the conditions used had a sig-
nificant effect on the structure of the fibers as mea-
sured by birefringence or wide-angle X-ray diffraction,
despite having strong influence on the fiber properties.
This suggests that the structural changes responsible
for these differences are very subtle.

The authors wish to express their gratitude to Courtaulds
Fibres for financial support.
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