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ABSTRACT: The modeling of the relationship between
the extrusion temperature profile and the polymer grade
as well as the overall orientation of as-spun aliphatic-aro-
matic copolyester (AAC) fibers has been proposed.
Depending on rheological results, AAC fibers were spun.
In terms of the extrusion temperature profile and polymer
grade, an appropriate statistical analysis of the optical ani-
sotropy of the as-spun fibers was carried out. For meas-
uring the fiber birefringence (optical anisotropy), an
interferometric technique was employed. The interest of
factorial design is in the restricted numbers of runs, 16
runs for a factorial design at 2 levels with 4 factors, and in

the description of rheological mechanisms through mathe-
matical interactions. The results obtained from the melt
flow indexer give an explanation for the character of rheo-
logical properties and surface shape at different tempera-
tures and loads at which recent analysis was performed.
The overall orientation of the spun filaments has been
modeled. The model allows a fast simulation to describe
the behavior of factors-response relationship. © 2010 Wiley
Periodicals, Inc. ] Appl Polym Sci 118: 1270-1277, 2010
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birefringence; orientation; rheology

INTRODUCTION

Reducing, Reusing and Recycling of synthetic poly-
mers has been studied to lower operation costs and
to solve environmental waste problems, environmen-
tal pollution and the harming of wildlife.! Many
articles have been published to groduce and develop
new biodegradable polymers.>® As the use of com-
posite materials is increasing, the replacement of
chemical fibers with environmentally friendly fibers
is a major interest of the textile industries.” The bio-
polymers are mainly based on starch, sugar, cellu-
lose, or synthetic materials. Among petroleum based
bio-polymers and by combining the biodegradability
of aliphatic units with the aromatic one of good
physical properties, great interest has been given on
aliphatic and aromatic copolymers.®> Compared to al-
iphatic polyesters, the aromatic form is often based
on terephthalic diacid.”'® A number of aliphatic-aro-
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matic copolyesters have been developed during the
last decade to produce products with comparable
cost to other plastic polymers and excellent
properties.' '

A number of researchers have tried to increase the
strength of bio-plastics and their properties without
affecting their biodegradability. A balance between
the improvement of mechanical properties and the
biodegradability needs to be investigated.”® Ali-
phatic-aromatic copolyesters are potential candi-
dates to make staple fibers for various nonwoven
materials particularly for expendable uses in medi-
cine and agriculture."*"® To improve biodegradable
polyester properties, researchers have made crimp
staple fibers from polylactic acid, thermoplastic
starch, polycaprolactones and natural fibers. Other
biodegradable products include disposable wipes,
seed mats and erosion control items.

Extrusion temperature profile affects the proper-
ties, productivity and product cost.'”?° As the visco-
elastic nature of polymeric fluids has many complex
effects on the flow stability,®’ molecular mobility
and dye-ability is reduced by high orientation,**
which appears as parallelization and extension of
macromolecules and other structural units along the



AS-SPUN ALIPHATIC-AROMATIC COPOLYESTER FIBERS

fiber axis, affects physical properties and controls
the fiber formation. The molecular orientation of
fiber during spinning (i.e. draw-down ratio) is small
as compared with that produced during post draw-
ing (solid state draw ratio).***

To understand the viscoelastic behavior of the
polymer, rheological study has to be considered.
Melt flow index (MFI) is one of the most important
properties for the quality control of polymers, the
higher MFI, the lower resin velocity and molecular
weight.®

Pre-experimental work has been done to find out
the rheological data for determining the enhanced
melt spinning conditions. This is to understand the
viscoelastic and morphological properties of the ali-
phatic-aromatic copolyester (AAC). As-spun AAC
fibers made of two different grades were spun at
different extrusion temperature profiles. Some
aspects of the modeling of melt spinning process for
the manufacturing of AAC fibers were dealt with.
The effects of the studied factors on the optical bire-
fringence and the overall thermal behavior of the
AAC fibers were presented. Accordingly the overall
orientation of these fibers was modeled. Other prop-
erties of the AAC fibers will be reported in further
work.

EXPERIMENTAL WORK
Material

A fully biodegradable petroleum aromatic-aliphatic
copolyester (AAC; Solanyl flexibility component),
based on butandiol, adipic acid and terephthalic
acid, supplied by Rodenburg Company, Nether-
lands, is used in this study, it has been used and
described in previous work.”® Two grades of linear
AAC, AAC1 and AAC2, were used in this work.
The shape of polymer as received is spherical gran-
ule resin of 3-5 mm in diameter and density of 1.2
g/cm? at 25°C. Using differential scanning calorime-
try (DSC), the range of melting temperatures is 110-
115 °C.

Melt spinning

Fibers were extruded via melt spinning on a Lab-
spin machine, Extrusion Systems Limited, UK. The
Lab-spin machine has been described in previous
study.”® The molten polymer is forced through the
spinneret (55 holes, 0.4 mm) as fine jets with speed
adjusted by the metering pump (fixed at 4 rpm)
which generates the high pressure during metering.
The air cooling quench percentage was set at 37%.
The filaments then cool down and solidified pro-
gressively to emerge as yarn. The spin finish (0.4
rpm) was diluted five folds with water before use.
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The filaments were collected from machine rollers
set at 36 m/min without tension between them and
the winder.

Factorial experimental design

The extrusion experiments conducted involves four
factors at two levels as given in Table I, the selection
of levels for all variables were being based on a
prior screening done as pre-lab work (unpublished
data). The selected level range is small to delete any
nonlinearity if some factors are related to quality
characteristic in a nonlinear way. These selected con-
trol factors include the polymer grade described as
MFI and the extruder temperature zones. As shown
in previous paper’’ and for simplicity, every two
consecutive zones are combined and considered as
one,ie. Z1 =T1 +T2,7Z2 =T3 + T4 and Z3 = T5 +
T6, where the temperatures of barrel zones are T1,
T2 and T3, metering pump zone is T4 and die head
zones are 15 and T6. The experiments were con-
ducted in two blocks for the polymer grade (MFI)
because of the difficulty of cleaning the machine af-
ter each run. As a result, the block effect is included
in MFI effect.

Interferometric technique

According to the strong relationship between bire-
fringence and molecular orientation,” low birefrin-
gence fibers have low orientation and would be
more draw-able than the higher values and visa
versa.

In this work, the subtractive position is applied to
give the nonduplicated images for the direct mea-
surement of the fiber’s birefringence (An) and fiber
birefringence was measured using a polarizing inter-
ference microscope. The double refracting polarizing
interference (Pluta) microscope was designed, devel-
oped and applied by Pluta.”® For accurate and less
time consuming measurements, this Pluta micro-
scope was equipped with a computerized unit con-
sisting of a CCD Camera and PC computer. Using
this unit the microinterferograms can be captured
then automatically analyzed.” The birefringence
(An) of the fiber can be determined indirectly by cal-
culating the difference between the refractive indices
(n' = nh) of the fiber. Here n' and n* are the refrac-
tive indices of fiber in case of the light polarizing

TABLE I
Factors and Their Levels for the Experiments
Factor
Z1 Z2 z3
Level T1 T2 T3 T4 T5 T6 MFI
—1 (Low) 110 115 120 125 130 130 MFI1
1 (High) 115 120 125 130 145 145 MFI2

Journal of Applied Polymer Science DOI 10.1002/app
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parallel and perpendicular to the fiber axis, respec-
tively. But it can be measured directly using the sub-
tractive mode of Pluta microscope via the following

eq. (1)

7

Aniﬁ

)

Where Z is the fringe shift from the zero-order
fringe, A is the wavelength of the light used, b is the
interfringe spacing and t is the fiber diameter. The
error of measuring the optical path difference (Z1/b)
using the interference Pluta microscope ranges from
+0.001 to *0.003.*"

Differential scanning calorimetry characterization

METTLER-TA Instrument DSC12E and METTLER-
TOLEDO-TAS89E System Software®>>> were used to
determine the thermal curves of AAC polymer and
fiber. The gas used was nitrogen. Average of three
replicates scanned for each sample was considered.

Melt flow index

Ray-Ran 5 Series Advanced Melt Flow Systems
according to ASTM D-1238 was used to measure the
MFIL. The instrument contains of a barrel with a
standard die and piston. Granules of AAC are
loaded into a heater block and left for 10 min to
melt (ASTM D-1238) and condition to the right tem-
perature. A fixed pressure was applied to the melt
via a piston and different loads of total mass of 2.16,
3.16, 5.00 kg at different temperatures of 120, 125,
130, 135°C. As the piston diameter (D) is bigger than
the capillary diameter (d) and the pressure dropped
along the capillary (AP), the wall shear stress (1) in
the capillary, T =254, can be related to the force on
the piston, and the entrance effects are neglected,
AP can be calculated by wusing the equation
AP :%. The shear stress at the capillary wall is
determined by eq. (2):

Fd
t=—=897F 2
nL.D? @

Where F is the weight on the plunger in grams, [ is
the capillary length.

The apparent shear rate at the capillary wall can
now be expressed as a function of the MFI*® by eq. (3):

Yapp = 1.845 v 3)

The flow rate (v, cm’/s) is determined by the area
(cm?) and the piston velocity (v, cm/s) or by the
MFI value and the melt density at the current tem-
perature (p)°>:
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MFI
=—— 4
Y7600 x p, @
The apparent viscosity can be determined by
dividing the shear stress by the apparent shear
rate® as shown in eq. (5):

486 F
T];;1pp = T (5)

RESULTS AND DISCUSSION
Rheology of polymers

Two grades of linear AAC, AAC1 and AAC2, were
used in this work (Fig. 1). They are coded as MFI1
and MFI2 depending on their MFIL. Figure 1 shows
the temperature dependant of MFI for the two sam-
ples studied. Within a considerable range of melting
temperature (120-135°C), the difference between
MFI2 and MEFI1 increased as the temperature
increases. According to DSC results (Fig. 2), the
polymer did not melt completely below 120°C but
an optimum temperature window was found to take
all factors into account, the large peak around
—30°C in AAC2 is related to the moisture content.
The overall thermal behavior of the polymer used in
this work allows the conclusion that the processing
temperature window is slightly wide. The multiple
melting phenomenon observed could be attributed
to compositional heterogeneity of the copolyester,
based on this fact, it can be confirmed that AAC is a
mixture composed of a number of components with
different melting points.

In terms of extrudate surface analysis, smooth
extrudate can be observed above 130°C and ‘shark
skin” extrudate between 125 and 130°C. ‘Shark skin’
surface was formed by a series of ridges aligned per-
pendicular to the flow direction and it was distin-
guished from an elastic turbulence, which belong to
the material nature and sometime to the polymer-die
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Figure 1 The relationship between MFI and temperature at
weight = 2.16 kg. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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Figure 2 DSC thermographs of AAC fibers. [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com. ]

metal adhesion.*® Stick-slip or oscillating melt extru-
date appears at 125°C, and gross melt fractured
extrudate was found at 120°C. It can be seen at
lower extrusion rate and it depends on the tempera-
ture as shown before. The apparent extrudate swell
depends on the die entry and the die exit and possi-
ble slip at the polymer-wall interface.’”

Figures 3 and 4 show the extrudates” appearance
at different temperature, apparent shear rate and
viscosity related. Melt instability can be caused by
excusive increase in shear stress and stick-slip or
shark-skin effect will appear. At higher temperature
the viscosity was decreased and the material flows
easily. At shear rate more than 5 s, the extrudate
surface was practically smooth and quite smooth
up to 15 s~!, whereas smoother extrudates were ob-
tained at shear rate more than 15 s~ . In conclusion,
the decrease in viscosity improves the material flow
and lead to more uniform extrudate (filaments),
hence additional information about the processing
window can be obtained.
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Figure 3 The surface shape at different temperature, vis-
cosity, and shear rate at load of 2.16 kg for AAC1. [Color
figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]
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Figure 4 The surface shape at different temperature, vis-
cosity, and shear rate at load of 2.16 kg for AAC2. [Color
figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]

Fibers extrusion and modeling

A fraction factorial experimental design was used to
design L16 matrix with random order for sixteen
screening trials.** Tt is a good practice to random-
ize the order of the performed design because many
things can be changed from production run to
another. The detailed experimental arrangement of
sixteen trials randomly was given in Table II. Figure
5 show the recorded microinterferograms of fibers
using the polarizing (Pluta) microscope using light
of wavelength (A = 550 nm). It can be seen that the
average birefringence has small standard deviations
for some reasons such as: (i) blocked nozzles in the
spinneret because of the nature of this polymer and
the nonuniform flow which decreases at high tem-
perature, (i) tension during the spinning or (iii)
some tension during preparing the sample for the
test, (iv) some difference in cooling rate through the

TABLE II
Experimental Array and Results

Trial number Block MFI Z1 Z2 Z3 Birefringence x 107>

1 1 -1 1 1 1 38.0
2 1 -1 -1 -1 1 22.0
3 2 1 1 -1 1 3.7
4 2 1 1 1 -1 21.7
5 1 -1 1 -1 -1 43.0
6 2 1 -1 -1 -1 22.1
7 1 -1 -1 1 -1 39.0
8 2 1 -1 1 1 0.0
9 1 -1 1 -1 1 19.0
10 2 1 1 1 1 3.0
11 2 1 -1 -1 1 9.3
12 1 -1 -1 -1 -1 44.0
13 2 1 1 -1 -1 171
14 2 1 -1 1 -1 10.5
15 1 -1 -1 1 1 28.0
16 1 -1 1 1 -1 38.0

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 5 Microinterferograms of birefringence using Pluta microscope. [Color figure can be viewed in the online issue,

which is available at www.interscience.wiley.com.]

filaments bundle. The results of the first set of fibers
(MFI1)show more birefringent, overall orientation
and consistentthan those of the second set (MFI2).

Pareto Chart for Birefringence
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Figure 6 Pareto chart for Birefringence. [Color figure can
be viewed in the online issue, which is available at
www.interscience.wiley.com.]

Main Effects Plot for Birefringence
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Statistical analysis of the effects of the temperature
on the overall orientation

A Pareto chart, Figure 6, shows the factors’ signifi-
cant arrangement of factors and their interactions in
decreasing order (y-axis) depending the significant
effect (x-axis).

As two-level experiment, a factor effect and inter-
action effect could be determined as the deference
between the average responses at the low and the
high level of the factors, the effect line determines
the effect of the factors. The longer the effect line the
more significant the factor effect, the direction of the
effect determine by the slope of the line, i.e., MFI
has negative effect as it decreases from left to right.
Figure 7 shows the effect plots of the statistical anal-
ysis of the effects caused by the main factors and
their interactions on the birefringence. All plots are
constructed directly from the raw data using STAT-
GRAPHICS and MINITAB programs.*>*! From these
figures (Figs. 6 and 7) it is obvious that, die head

Interaction Plot for Birefringence
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“w0: ;
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;
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MFIZ1 MFIZ2 MFIZ3 Z1Z22 2Z1Z3 Z2Z3

Figure 7 Effect plots and the interaction plots for the response.
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Normal Probability Plot for Birefringence
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Figure 8 Normal probability plots for the responses.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

temperature Z3 (T5 and T6) and the polymer grade
(MFI) exert the most significant effects on the overall
orientation of fibers. The other main factors, Z1 and
Z2, exhibit little prominence. The interaction noted
between Z1 and Z2 will be discussed separately
below to find the significance that may arise from
the usual experimental error. The other interactions
show no significant interaction effect because of the
parallel between some lines in the interaction plots
and the very small interaction angle in the others.

As an alternative to an effects plot, a Daniel’s plot
or normal probability plot can be used to assess the
significance of the factors effects,*> normal probabil-
ity plot shows the normal distribution of measure-
ments. According to that, the measurement response
should follow a normal distribution pattern, if there
are no statically significant factors effects in the
experiment. The significant effect for both positive
and negative effect could be reflected in deviation of
the data points from the straight line. The further
the deviation, the greater the statistical significance.
Figure 8 displays the normal probability (Daniel’s)
plots and shows the percentage and standardized
effects. The effect from MFI and Z3 are again promi-
nent. Other factors effect and interactions effect
agree with last results, more details can be obtained
from analysis of variance.

Analysis of variance for birefringence

Analysis of variance (ANOVA) of the birefringence
data was conducted to determine the factor effects
in terms of statistical significance. An ANOVA
results are listed in Table IIl. To provide quantitative
and objective criteria for judging the statistical sig-
nificance of the effects, P-values of Z3 and MFI are
less than 0.05 indicating that MFI and Z3 are signifi-
cantly different from zero at the 95.0% confidence
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TABLE III
ANOVA Results Identifying the Statistical Significance
of Factors Effects

Sum of Mean

Source squares Df  square  F-ratio P-value
MFI 2106.81 1 2106.81 71.61 0.0004
Z1 4.62 1 4.62 0.16 0.7082
Z2 0.25 1 0.25 0.01 0.9301
Z3 789.61 1 789.61 26.84 0.0035
MFI Z1 0.12 1 0.12 0.00 0.9511
MFI 72 64.0 1 64.0 2.18 0.2002
MFI Z3 0.16 1 0.16 0.01 0.9441
7172 89.30 1 89.30 3.04 0.1419
7173 0.003 1 0.003 0.00 0.9930
7273 64.0 1 64.0 2.18 0.2002
Total error 1471 5 29.42

Total (corr.)  3265.98 15

Df, degree of freedom.

P-value is the smallest risk level o at which the data are
significant. F (1, 15) = 454 at o = 0.05 under the
conditions.

level, P-values of Z1, Z2 and all interactions are
greater than 0.05, thus are not significant. The quan-
titative ANOVA results are consistent with quantita-
tive conclusions derived from the effects plots and
Daniel’s plots. Figure 9 shows 3D plots of the esti-
mated effects for the high and low settings of three
factors Z1, Z3 and MFI at Z2 = 0. As there was no
significant interactions have been found, Figure 10
shows estimated response surface plots (3D-surface
response diagrams) for interactions Z1 and 72, Z2
and Z3, and MFI and Z2. Estimated response surface
plots show no significant twist and no significant
effect as a result of these interactions.

The regression equation and estimation results for
birefringence

Based on the analysis, the simplified model was fit-
ted by the regression equation [eq. (6)], which has
been fitted to the data. The birefringence regression
equation in terms of the constant values which

-3

Cube Plot for Birefringence (E
Z2=0.0

)

Figure 9 Cube plots of the estimated effects for the high
and low settings of three factors.
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Figure 10 Estimated response surface Z1 and Z2, Z2 and
73, and MFI and Z2. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.
com.]

includes all interaction terms regardless of their sig-
nificance is the following:

An(1073) = 22.4 — 11.475 - MFI + 0.5375 - Z1 — 0.125
.72 —7.025-Z3 — 0.0875 - MFI - Z1 — 2.0
MFI - Z2 + 0.1 - MFI - Z3 + 2.3625 - Z1
. 7240012571 -Z3+20-72- 73

(6)

Journal of Applied Polymer Science DOI 10.1002/app
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Plot of Birefringence (E'3)
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Figure 11 Observed and fitted results for birefringence.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

This regression equation is a sufficient basis for
interpretation of the obtained relationships An = f
(21, Z2, Z3, MFI). Using the last fitted models for
each trial, Figure 11 shows that the predicated (fit-
ted) values match observed (experimentally meas-
ured) values reasonably.

CONCLUSIONS

In the course of birefringence optimization, the
mathematical statistical model was derived from the
experimental data and residual plots which were an-
alyzed to validate the regression model. Table IV
shows the combination of factor levels which maxi-
mize the birefringence over the indicated region,
where the optimum (maximum) birefringence value
will be 0.0439. The table summarizes the main con-
clusion of birefringence results in a concise statistical
model. The value of the birefringence reflects the
overall orientation or the alignment of the molecules
along the fiber axis. The suggested model covers
both of the identified significant main and interac-
tion factors and specifies the combinations of factor

TABLE IV
The Combination of Factor Levels
Maximum Minimum
Optimum
value 0.0439 0.0011

The combination of factor levels (Birefringence)

Optimum Actual Optimum Actual
Factor model value model value
MFI Low level MFI1 High level MFI2
Z1 High level ~ 115-120  Low level 110-115
z2 High level ~ 125-130  High level =~ 125-130
Z3 Low level 130-130  High level = 145-145
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levels for enhancing birefringence and therefore the
overall orientation of as spun AAC fibers. The
obtained fibers can be used as the total fiber content
in the fabric in agricultural and horticultural applica-
tions such as seed mats, erosions and seasonal weed
control ground covers and other nontraditional
fibers and fabric applications. In term of extrusion
temperature profile, the obtained results implied
that the effect of each variable is in agreement with
the that previously reported by the authors.*
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