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ABSTRACT: To model the melt-spinning process of bio-
degradable as-spun linear aliphatic-aromatic copolyester
fibers, a fraction factorial experimental design and appropri-
ate statistical analysis for the 32 screening trials involving
five control parameters were used. Because of their central
role in the production processes and end use textiles, it is
important to simulate the mechanical and thermal shrinkage
properties of AAC fibers. Concise statistical models of fiber
behavior are based on factorial experimental design data.
Process’s data are collected, analyzed, and mathematical
models created to predict the diameter, tenacity, elongation
at break, modulus, and thermal shrinkage of the spun fiber
in terms of random variables and their associated probabil-

ity distributions. The theoretical regression models obtained
form the main source code in the enhanced forecasting pro-
gram, which presents the melt-spinning process of aro-
matic-aliphatic copolyester fibers. Factorial statistical
approaches, based on over indicated region levels of melt-
spinning process parameters, are given in terms of assump-
tions and theory to produce biodegradable, environmentally
friendly fibers for different applications. © 2011 Wiley
Periodicals, Inc. ] Appl Polym Sci 122: 1434-1449, 2011
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INTRODUCTION

Previously, researchers” work has been conducted to
improve and characterize biodegradable aliphatic—
aromatic copolyesters.' Aliphatic-aromatic copo-
lyesters (AACs) are made from petroleum with sta-
ble physical and chemical ?roperties while leaving
no environmental footprint.'' In an active microbial
environment, the copolyesters’ products become in-
visible to the naked eye within 12 weeks.'> AACs
are potential candidates to make fibers for various
nonwoven materials particularly for expendable uses
in medicine'*® and agriculture.'®2°

As it is difficult to design and produce a manufac-
tured product, the experimental design technique is
a useful practice for designing new, consistent, and
economical produc’cs.21 Measurement, feedback and
adjustment, prediction, and correction are the main
elements in online quality control.”>*® Practical soft-
ware-based approaches meet with customer require-
ments and expectations for reducing the target value
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variation in processes®*° and saving time and

cost.”” Statistical experimental design (SED) is still
limited because of poor attitude toward the SED
strategies and lack of collaboration between aca-
demic and industrial fraternities.*®

As spun fibers should have a structure that can be
drawn easily, the stress—strain behavior can also be
used to qualitatively describe and classify the poly-
mer and its fibers properties and behavior. The % of
fiber extension could be limited by crosslinking of the
polymer structure, which will affect the biodegrad-
ability of the fibers.*” As the continuous filament yarn
has the same number of fibers in the cross section,
physicomechanical properties will be influenced uni-
formly by constant stretching the fibers through or af-
ter spinning®; a high degree of extension gives
higher tenacity together with lower elongation at
break (high modulus) and vice versa.’! The increased
modulus and tensile strength could be related to the
increasing of down draw ratio. A balance between
the improvement of mechanical properties and the
biodegradability needs to be investigated.*

Textile fibers with thermoplastic properties have
created the need for the testing of thermal shrinkage
or extension of yarns and fabrics made from such
materials when subjected to heat. Many important
physical properties are affected when fibers are set.
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Thermal properties are important if the fibers
undergo heat treatment during processing as well as
in use. With increasing mobilization of chains, the
thermodynamically beneficial random coil state is
approached, and heat causes a softening of the non-
crystalline region.”® Some unstability can be obtained
when the fibers are heated to practical application
temperatures such as washing and ironing proc-
esses.”® In setting mechanism and by recrystalliza-
tion: fibers are deformed, the internal stresses are
relaxed, and the new form is stabilized.®®

In this article, different samples of linear as-spun
AAC fibers were spun at different process parame-
ters to determine and model their effects. The target
was to demonstrate how variation in spinning condi-
tions can affect the diameter, tensile properties, and
thermal shrinkage, which will give a better insight
into the relationship between melt-spinning process
parameters and produced fiber properties. The theo-
retical regression models obtained form the main
source code in the enhanced forecasting program,
which presents the melt-spinning process of aro-
matic—aliphatic copolyester fibers.

EXPERIMENTAL
Material

A fully biodegradable, petroleum, aromatic-aliphatic
copolyester (solanyl flexibility component), based on
butandiol, adipic acid, and terephthalic acid, was
supplied by Rodenburg Company, Netherlands, and
used in this work. The polymer shape is spherical
granule resin in diameter 3-5 mm, with density of 1.2
g/cm’. The range of melting temg)eratures T,, is 110-
115°C. The material is referred to”°: 1,4-benzenedicar-
boxylic acid, polymer with 1,4-butanediol, and hexa-
nedioic acid. Because of the low water solubility and
high molecular weight of the polymer, it is unlikely
to bioaccumulate.” No ecotoxicity data were submit-
ted,”® and no significant toxicological effect was
observed.” Because the effective glass transition tem-
perature T, is below the normal operation tempera-
ture (around —30°C), the crystallization will go to
equilibrium very slowly. To solve this problem, it is
necessary to heat the extruded polymer in an inert
atmosphere at some temperature between T, and T,
which will stabilize the polymer as a practice used in
similar processes.”” The polymer was dried at 60°C
for 6 h before use to avoid possible hydrolysis during
the extrusion process. Grade AAC1 was selected
based on the results achieved in previous work.*'™*

Fiber diameter

The characterization of fibers’ diameter was carried
out using a Leitz Diaplan optical microscope con-
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Figure 1 Schematic diagram of the melt-spinning equip-
ment. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

nected to Digital Olympus ALTRA 20 camera with
Olympus Imaging Software. Fiber samples were
selected randomly and put onto a microscope yarn
holder. The fiber diameter was measured in five var-
ious axial positions for 10 individual fibers selected,
and the mean values and deviations of diameter
were calculated.

Melt spinning

Fibers were extruded via melt spinning on a Lab-
Spin machine, Extrusion Systems Limited, UK. The
Lab-Spin machine (Fig. 1) consists of a single-screw
extruder barrel (25 mm screw with length/diameter
ratio 20 : 1), a metering pump, a die head, an air
cooling window, a spin finish application system,
and a winding system. Aliphatic-aromatic copo-
lyester granules are fed through the hopper into the
extruder, then mechanically compressed, and
melted. The molten polymer is forced through a spe-
cial designed spinneret, which has 30 holes (0.4 mm
diameter, 1/day = 2) as fine jets with speed adjusted
by the metering pump. The filaments were then
cooled down and harden through the air cooling
quench at room temperature progressively to emerge
as solid filaments. The spin finish oil, VICKERS
1031, was diluted fivefold with water before use.
The six heaters in the extrusion machine are electri-
cally heated, and the temperatures were controlled
independently by thermocouples. The energy
required to melt the polymer comes from both exter-
nal heating and the internal friction.”> The godets
and the winder speed are controlled independently
by DC motors. The tension in the Leesona winder is
controlled automatically to have good package build
up and to avoid the high tension that affect on the
filament properties, and all the speeds were
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investigated by laser digital tachometer. The temper-
ature of feeding zone should be above 100°C to pre-
vent any moisture from forming.

Characterization of mechanical properties

Tensile testing of fibers was carried out using a ten-
sile tester (Instron 3345) at a temperature of (20 =
2)°C and relative humidity of 65% = 5%. Linear
density (denier) was determined by weighing a 100-
m length by using a balance accurate to 1 mg. Speci-
mens were cut from the continuous filaments with 2
cm length to be used in the mechanical tests. The
samples were conditioned at a temperature of (20 *
2)°C and relative humidity of 65% * 5% for 48 h
before testing. The initial gauge length 20 mm
was stretched at a constant cross-head speed 200
mm/min for each sample. The reported results were
the average values of five repeated measurements.
Through testing the material until break, it has been
determined that the filament passes through many
regions including elastic region, yielding, strain
hardening, necking, and failure. The elongation at
break was measured as a percentage of the original
length.**® Some filaments deform in the thin section
by elongation at break as load is increased. At the
yield point, the tensile filament starts to neck down
and continues necking till the sample ruptures in the
elastic region.*

Factorial experimental design

Experimental design gives information about the sig-
nificance of the main effect factors and their interac-
tions and then provides further information on how
to optimize the average response values depending
on the factor levels. First, some pre-experimental
work must be done to determine the number and
the levels of factors and to prepare the matrix design
and the number of trials. After this process, a frac-
tion factorial experimental design (L32) with random
order is used*®*” for the 32 screening trials involving
five control parameters and two levels for each pa-
rameter. The five control parameters for the melt
spinning are metering pump speed (MPS), melt
extrusion (or melt-spinning) temperature (T),
quenching air speed (QA), applied speed of spin fin-
ish (SF), and winding speed (WS). The two levels of
each parameter were separated as far apart as possi-
ble from one another as shown in Table I. The
experiments were conducted in one block. The
model was limited only to two-parameter interac-
tions, because interactions of more than two parame-
ters are not useful in practice. The matrix design,
statistical analysis, and presented analysis plots are
constructed directly from the raw data using MINI-
TAB and STATGRAPHICS programs. Samples” data
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TABLE I
Factors and Their Levels for the Spinning Experiment
Factor’s
abbreviation Factor name | Level 1 Level
T Melt extrusion (spinning) 130 145
temperature (°C)
MPS Metering pump 6 12
speed (rpm)
QA Quench air speed (%) 35 50
SF Spin finish speed (rpm) 0.35 0.50
WS Winding speed (m min™") 50 100

are analyzed, and the significant factors are deter-
mined to develop the process design.”’ Because the
unsuspected factor’s change with time may distort
the analysis and result in misleading conclusions,”
randomly errors could be separately distributed.
There are many tools used in the statistical analysis
of experimental design such as the Pareto chart, the
effect plot, normal probability plot, surface plot,
interaction plot, and analysis of variance (ANOVA).
The theoretical basics about these tools will be
described later.

Scanning electron microscope

Using a Polaron THERMO VG SCIENTIFIC SC
7620—scanning electron microscopy (SEM) Sputter
Coater, the samples were coated with a gold—palla-
dium target for 45 s in argon medium using a cur-
rent of 18 mA. The coating thickness for fibers and
yarn samples should be 160-190 A, as a thin layer
would not reduce charging enough, and the thick
layer would obscure surface details. SEM photomi-
crographs were taken with cold field-emission scan-
ning electron microscope HITACHI S-4300 to deter-
mine the eventual fibers surface and cross section
morphology.

Thermal shrinkage

The thermal-shrinkage test was carried out using the
Testrite Thermal shrinkage Oven, MK IV Thermal
shrinkage-Force Tester from Testrite, UK. The instru-
ment comprises of the heating chamber zone (250 x
110 x 80 mm), temperature controller, computer
microprocessor, L.E.D readouts for results, and the
sliding carriage, which afford the means of mount-
ing the test sample and presenting it to the heated
zone, plus a load cell, and free thermal shrinkage
attachment. The loaded threads carrier consisted of a
jaw/clamp on one end and the free thermal shrink-
age drum with low-torque potentiometer fitted to
give the results on the other end. Using a load cell
of 10 g and thermal-shrinkage pot, the computer
microprocessor determines the results shown on the
front display panel, and the movement expressed as
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TABLE II
L32 Experimental Design Array for the Spinning
Experiment

Trial number T MPS QA SF WS
1 145 12 50 0.5 50
2 130 6 50 0.5 50
3 145 12 50 0.5 100
4 145 12 50 0.35 100
5 130 6 50 0.35 100
6 130 12 35 0.5 50
7 145 6 35 0.5 50
8 145 6 50 0.5 50
9 130 6 35 0.5 100
10 130 6 50 0.35 50
11 130 6 35 0.35 100
12 145 12 50 0.35 50
13 145 12 35 0.5 100
14 145 12 35 0.35 50
15 130 12 50 0.35 100
16 130 12 50 0.5 50
17 130 6 50 0.5 100
18 130 12 50 0.35 50
19 145 6 50 0.35 100
20 130 6 35 0.5 50
21 145 6 50 0.35 50
22 145 6 50 0.5 100
23 130 12 50 0.5 100
24 130 12 35 0.35 100
25 130 6 35 0.35 50
26 145 12 35 0.35 100
27 145 12 35 0.5 50
28 145 6 35 0.35 100
29 130 12 35 0.35 50
30 145 6 35 0.5 100
31 130 12 35 0.5 100
32 145 6 35 0.35 50

a % of the sample length is related to thermal
shrinkage/extension under a constant tension during
heating. Samples were heated for 2 min at 60°C. The
thermal shrinkage is calculated as 100 x (Lo — L1)/Lo,
where L is original sample length and L, is thermal
shrinkage/extension sample length under a constant
tension. The factors affecting the results are sample
weighting, operating temperature, duration of test,
and count of samples.

RESULTS AND DISCUSSION

In one block, a fraction factorial experimental design
(L32) with random order was used for the 32 screen-
ing trials involving five control parameters T, MPS,
QA, SF, and WS with two levels for each parameter
as shown in Table II. The standard order of the tri-
al’'s number of the matrix design should be ran-
domly assigned by used software. The detailed
experimental arrangement of the trials and the calcu-
lated results of diameter, tenacity, elongation at
break, modulus, and thermal shrinkage are shown
in Table III. The cross section shape of the produced
fibers depends on the shape of spinneret nozzles

and the spinning method. That shape will affect on
the luster, bulk, body texture, and hand of end use
fibers. In terms of influence of the process parame-
ters on the filament the surface microstructure and
cross section, Figure 2 shows an SEM photomicro-
graph of fibers’ surface and cross section. Fibers
have a circular cross section with uniform surface,
which agreed with previous results.

The relationship between several numeric varia-
bles was analyzed by performing various statistical
and graphical analyses to obtain the multiple-vari-
able analysis, which gives interesting views into the
data. Multiple-variable analysis allows calculating
specific summary statistics taking into account many
factors, such as standard deviations and average,
confidence intervals, correlations, and covariance.
Figure 3 shows multiple-variable analysis among
studied parameters; diameter, tenacity, elongation at
break, modulus, and thermal shrinkage of AAC as-
spun fibers.

Statistical analysis of the effects of the factors and
their interactions on the responses

As a two-level experiment, a factor effect and inter-
action effect could be determined as the difference
between the average responses at the low and the
high level of the studied factors (Table I). A Pareto
chart shows the significant arrangement of factors
and their interactions in decreasing order (y-axis)
depending on the significant effect (x-axis). The Par-
eto chart is a means of effect estimate plotting simi-
lar to a horizontal diagram, and factors can have a
positive (+) or negative (—) effect. The order of the
significance of the factors is presented for each
response, and more interesting details will be
described in the following statistical analysis to
show the importance and the direction of the effect
and the way that the factors interact with each other.
Pareto charts (Fig. 4) for diameter (a), tenacity (b),
elongation at break (c), modulus (d), and thermal
shrinkage (e) show the significant arrangement of
factors and their interactions in decreasing order.
The Pareto chart for diameter [Fig. 4(a)] clearly
shows that winding speed, metering speed, their
interaction, and extrusion temperature are the most
important factors affecting the diameter. The Pareto
chart for tenacity [Fig. 4(b)] clearly shows that extru-
sion temperature, metering pump speed, winding
speed, and the interaction between them are the
most important factors affecting the tenacity fol-
lowed by other factors and interactions. The Pareto
chart for elongation at break [Fig. 4(c)] clearly shows
that winding speed, metering pump speed, extrusion
speed, quench air speed, and the interactions (T and
SF, MPS and WSB, and MPS and SF) are the most
important factors affecting the elongation at break

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE III
Responses Data of Diameter, Tenacity, Elongation, Modulus, and Thermal Shrinkage
for the Experiment of Spinning of AAC

Trial Count Tenacity Elongation Modulus Diameter Thermal
number den (g/den) (%) (g/den) (um) shrinkage (%)

1 3079.5 0.351 910 0.181 109.2 —-0.50

2 1878.6 0.285 600 0.163 85.3 —0.25

3 1445.7 0.422 605 0.194 74.8 -1.00

4 1569.3 0.405 640 0.192 779 -1.20

5 963.9 0.358 420 0.273 61.1 —-0.83

6 3133.5 0.32 900 0.196 110.1 +0.17

7 1630.8 0.38 766 0.182 79.4 —-1.00

8 1738.8 0.42 700 0.189 82.0 -0.75

9 915.9 0.338 390 0.227 59.5 —0.58
10 1900.8 0.284 572 0.176 85.8 +0.00
11 904.2 0.327 380 0.237 59.1 +0.33
12 2928.9 0.369 876 0.178 106.5 -+0.00
13 1493.4 0.415 728 0.210 76.0 -1.25
14 3030.3 0.371 976 0.181 108.3 —-0.15
15 1691.4 0.34 570 0.197 80.9 +0.00
16 3219 0.318 860 0.163 111.6 —-0.25
17 923.7 0.347 386 0.301 59.8 —0.25
18 3198.6 0.331 924 0.176 111.2 +0.57
19 909.6 0.649 390 0.244 59.3 —1.58
20 1819.2 0.29 594 0.236 83.9 +0.00
21 1813.5 0.391 668 0.158 83.8 —1.00
22 845.1 0.651 460 0.277 57.2 -217
23 1753.2 0.308 556 0.223 82.4 +0.00
24 1597.2 0.334 662 0.224 78.6 -0.17
25 1842.3 0.301 638 0.221 84.4 0.00
26 1581.6 0.392 706 0.179 78.2 —-0.83
27 2872.8 0.369 970 0.176 105.4 -0.17
28 834.9 0.623 412 0.231 56.8 -217
29 3204 0.321 964 0.163 111.3 +1.00
30 926.1 0.486 673 0.228 59.9 -2.17
31 1683.3 0.33 630 0.221 80.7 +0.00
32 1596 0.397 670 0.182 78.6 —1.42

followed by the interactions (T and MPS and T and  speed, metering pump speed, extrusion temperature,
QA) and other factors and interactions. The Pareto  spin finish application, and the interactions (QA and
chart for modulus in Figure 4(d) shows that winding WS, MPS and WS, T and QA, MPS and QA, and T

WD15.8mm 1.0kV x250 200um

Figure 2 SEM photo of AAC fibers’ surface and cross section.
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Figure 3 Multiple-variable analysis between the studied parameters, diameter, tenacity, elongation at break, modulus,
and thermal shrinkage of AAC spun fibers. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

and WS) are the most important factors affecting the
modulus followed by the interactions (T and MPS
and SF and WS) and other factors and interactions.
The Pareto chart for thermal shrinkage [Fig. 4(e)]
clearly shows that extrusion temperature, winding
speed, metering pump speed, spin finish application,
and the interactions (T and WS, T and MPS, and T
and QA) are the most important factors affecting the
thermal shrinkage followed other factors and
interactions.

Plots in Figure 5(a—j) show the main effects and
the interaction plots caused by the main factors and
their interactions on the diameter, tenacity, elonga-
tion at break, modulus, and thermal shrinkage of as-
spun fibers.

In main effects plots, for example, Figure 5(b), the
factor effect between the average responses of the
low and high level of the factors is presented, and
the capital letters along the horizontal axis represent
the main factors and their interactions. The effect
line determines the effect of the factors from the
slope of the line between the two levels. The steeper
the slop, the more significant is the factor effect. The
direction of the effect is determined by the slope of
the line, and a positive effect is obtained when the
line increases from the left to the right and vice
versa.

The interaction plot, for example, Figure 5(b), is a
useful practice used to determine the interaction
between each two factors. The first interaction factor
is presented on the x-axis with low and high levels.
The second interaction factor is presented as two dif-
ferent lines for low and high levels; the Y-axis shows
the averages of the measured responses. If the angle

between the interaction lines is very small or the
interaction lines are parallel, the interaction is not
significant.

Statistical analysis of the effects caused by the
main factors effect, and their interactions on diame-
ter [Fig. 5(a,b)] show that the effects from the tem-
perature WS, MPS, T, and the interaction between
winding speed and metering pump speed are signif-
icant. The interaction between winding speed and
metering pump speed is related to the relationship
between the output of the machine and the collec-
tion at different speeds, which affect the throughput
flow rate and the spin draw ratio of the filaments to
reduce the filament diameter. The main factors effect
for tenacity [Fig. 5(c—d)] is strongly affected by
extrusion temperature, winding speed, and metering
pump speed. The interactions T and MPS, T and
WS, and WS and MPS are significant. The interac-
tions QA and WS and SF and WS need to be further
investigated. No significant effect has been reported
for other factors and interactions. Elongation at
break [Fig. 5(e—f)] was affected by winding speed,
metering pump speed, quench air speed, and extru-
sion temperature. The interactions T and SF, MPS
and SF, MPS and WS, and T and MPS need to be
further investigated, and there is no significant effect
that has been reported for other factors and
interactions.

Modulus [Fig. 5(g,h)] was affected by main factors
metering pump speed and winding speed and extru-
sion temperature. Interactions MPS and WS and QA
and WS affect the modulus, and T and QA are on
the borderline of significance and need to be investi-
gated. Thermal shrinkage [Fig. 5(ij)] is strongly

Journal of Applied Polymer Science DOI 10.1002/app
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affected by extrusion temperature, winding speed,
and metering pump speed. The interactions T and
MPS and T and WS strongly affect the thermal
shrinkage and need to be further investigated. All
previous factors and interactions, which are on the
borderline of significance, can be adjusted later
using ANOVA.

As an alternative to an effect plot, a normal proba-
bility plot or a Daniel’s plot shows the percentage

Journal of Applied Polymer Science DOI 10.1002/app

and standardized effects and can be used to assess
the significance of the factors’ effects.** The straight
line represents the empirical principle in the middle
of the range; the significant effect for both positive
and negative effects could be reflected in deviation
of the data points from the straight line. The further
the deviation, the greater the statistical significance.
Figure 6 displays the normal probability plots for on
the diameter, tenacity, elongation at break, modulus,
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Figure 5 The main affect and interaction plots for diameter, tenacity, elongation at break, modulus, and thermal shrink-
age. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

and thermal shrinkage of as-spun fibers obtained
using the design matrix and shows the percentage
and standardized effects. The diameter plot [Fig.
6(a)] shows the clear effect of metering pump speed,
winding speed, and their interaction on the diame-
ter. Other effects appear from extrusion temperature
and quench air speed, which could be related to the

effect of these factors on the down draw ratio as has
been noted in previous work.** Tenacity [Fig. 6(b)] is
affected by extrusion temperature, winding speed,
metering pump speed, and their interactions T and
MPS, T and WS, and WS and MPS. Together with
the main effects of extrusion temperature, winding
speed, and metering pump speed, the interactions (T

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 6 Statistical standardized and percentage order values of factors and their interactions for the diameter, tenacity,
elongation at break, modulus, and thermal shrinkage (the normal probability plot). [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

and SF and MPS and WS) affect the elongation at
break [Fig. 6(c)], which can be related to the friction
effect on the spin draw ratio, which decreases the
elongation at break ratio. In the modulus analysis
[Fig. 6(d)], winding speed, metering pump speed,
extrusion temperature, and the interactions (MPS
and WS and QA and WS) have the significant effects
on the modulus. The thermal shrinkage is affected
by extrusion temperature, winding speed, metering
pump speed, and the interactions (T and WS and T

Journal of Applied Polymer Science DOI 10.1002/app

and MPS), respectively, as was been shown in Fig-
ure 6(e).

Analysis of variance

To determine the factor effects in terms of statistical
significance, analysis of variance (ANOVA) of the
data was conducted. The ANOVA method, designed
by Sir R. A. Fisher,*® is a mathematical method com-
paring the response data to the error data and then



TABLE IV

ANOVA Results Identifying the Statistical Significance of Factors Effects on the Diameter, Tenacity, Elongation,

Modulus, and Shrinkage

Diameter Tenacity Elongation Modulus Shrinkage
Source F P F P F P F P F P
T 35.3 0.000 99.3 0.000 23.3 0.000 3.2 0.095 83.7 0.000
MPS 1727.0 0.000 17.9 0.001 269.9 0.000 15.1 0.001 29.0 0.000
QA 42 0.056 1.4 0.249 16.3 0.001 0.0 0.942 0.2 0.674
SF 0.3 0.596 0.7 0.419 1.3 0.269 1.6 0.219 2.1 0.165
WS 2417.5 0.000 39.0 0.000 303.0 0.000 371 0.000 29.3 0.000
T and MPS 1.0 0.338 24.6 0.000 3.3 0.089 0.3 0.566 5.2 0.037
T and QA 0.1 0.801 1.2 0.290 2.8 0.114 0.6 0.435 2.1 0.165
T and SF 0.5 0.490 0.1 0.830 9.1 0.008 0.1 0.814 0.6 0.465
T and WS 0.9 0.346 15.1 0.001 0.4 0.559 0.5 0.513 6.2 0.025
MPS and QA 0.6 0.458 1.6 0.220 1.35 0.262 0.5 0.503 0.4 0.544
MPS and SF 0.0 0.924 0.3 0.607 6.4 0.022 0.0 0.955 0.9 0.371
MPS and WS 36.9 0.000 18.1 0.001 6.5 0.021 5.5 0.032 0.0 0.950
QA and SF 0.2 0.673 0.3 0.573 1.0 0.335 0.1 0.752 0.1 0.809
QA and WS 1.1 0.304 14 0.249 0.7 0.431 6.0 0.026 0.1 0.825
SF and WS 0.0 0.901 0.3 0.621 1.1 0.319 0.2 0.667 0.2 0.682
a , b
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Figure 7 Experimental observed results and theoretical fitted results plots for diameter, tenacity, elongation at break,

modulus, and thermal shrinkage.
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[Color figure can be viewed in the online issue, which is available at



1444

determines the significant effect of the independent
factors or their interaction. ANOVA partitions the
variability in response into separate parts for each
effect and tests the statistical significance of each
effect by comparing the mean square against the
experimental error. A probability or P-value (P =
a-significance level) used in ANOVA provides quan-
titative and objective criteria for judging the statisti-
cal significance of the effects. In case the P-values
less than 0.05, factor effects are significantly different
from zero at the 95.0% confidence level. If the F-ratio,
a new statistic in ANOVA is greater than the circuital
value, the factor has significant effect. F = 4.49 is
obtained from F tables at the appropriate level o =
0.05.%* An error could come from either assignable
causes that is variation due to changes in the
independent factors or random causes, that is, uncon-
trolled variation. ANOVA results for diameter, tenac-
ity, elongation at break, modulus, and thermal
shrinkage of as-spun fibers are listed in Table IV. The
significance of factors on the diameter is winding
speed (Pws = 0.000) > metering pump speed (Pyips =
0.000) > extrusion temperature (Pr = 0.000). No sig-
nificant effect of spin finish application and quench
air was found. The interaction between metering
pump speed and winding speed has a significant
effect (Pmps and ws = 0.000). There are no significant
effects of the other interactions on diameter.

Of the mechanical properties, tenacity is signifi-
cantly affected by extrusion temperature (Pr =
0.000) > winding speed (Pws = 0.000) > metering
pump speed (Pyps = 0.001) and the interaction
between extrusion temperature and metering pump
speed (Pt and mps = 0.000) > the interaction between
metering pump speed and winding speed (Pnps and
ws 0.001) > the interaction between extrusion tem-
perature and winding speed (Pt ana ws = 0.001).
There are no significant effects of the other factors
and interactions. Elongation at break is significantly
affected by winding speed (Pws 0.000) > metering
pump speed (Pyps = 0.000) > extrusion temperature
(Pt = 0.000) > quench air speed (Pga = 0.001) and
the interaction between extrusion temperature and
spin finish application (Pt ana sp = 0.008) > the inter-
action between metering pump speed and winding
speed (Pumps and ws = 0.021) > the interaction between
metering pump speed and spinning finish application
(Pmps and sr = 0.022). There are no significant effects
of the other factors and interactions. Modulus is sig-
nificantly affected by winding speed (Pwg 0.000) >
metering speed (Pyps = 0.001) the interaction
between quench air speed and winding speed (Pga
and ws = 0.026) > the interaction between metering
pump speed and winding speed (Pmps and ws =
0.032). There are no significant effects of the other fac-
tors and interactions. Thermal shrinkage is signifi-
cantly affected by extrusion temperature (Pr = 0.000)
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> winding speed (Pws 0.000) > metering pump speed
(Pmps = 0.000), the interaction extrusion temperature
and winding speed (Pt anqa ws = 0.025) > the interac-
tion extrusion temperature and metering pump speed
(Pt and mprs = 0.037). There are no significant effects of
the other factors and interactions.

The regression equation and estimation results

Based on the analysis, a simplified model was fitted
by the regression equation, which has been fitted to
the experimental data. The regression equations
enhanced form the main source code in the enhanced
forecasting program presenting the melt-spinning
process of aromatic-aliphatic copolyester fibers. In
terms of the coded values (Table I), the regression
egs. (1-5) for diameter, tenacity, elongation at break,
modulus, and thermal shrinkage are given as follows:

Diameter = 61.3105 — 0.0162222*T + 7.61583*"MPS

+ 0.539278" QA + 54.3222*SF — 0.479967*WS

—0.0121111*T*MPS — 0.00125556"T* QA

— 0.346667°T*SF + 0.00143"T*WS—

0.00933333"MPS"QA — 0.119444"MPS*SF

—0.0223667"MPS*WS — 0.211111"QA*SF
—0.00156333*QA*WS + 0.0186667*SF*WS (1)

Tenacity = —0.724049 + 0.00675139*T + 0.212372*MPS
—0.0179125*QA — 0.01125"SF — 0.0137837*WS
—0.00135417*T*MPS + 0.000119444"T*QA
—0.00238889*T*SF + 0.000127167*T*WS
—0.000348611"MPS*QA + 0.0143056"MPS*SF
—0.000347917*MPS*WS + 0.00627778*QA*SF

+0.0000391667*QA*WS — 0.00165*SF*WS  (2)

Elongationatbreak=—128.163+40.828917"T
+186.364"MPS+36.3343" QA —4184.63"SF
—6.27401"WS—0.575"T*"MPS—0.212222"T*QA
+38.2589"T*SF+-0.0227767*T*WS —0.369444"MPS* QA
—80.4639"MPS"SF—0.243608"MPS*WS
—12.63*QA"SF—0.0307767*QA*WS+3.922*SF*WS (3)

Modulus =0.766958 —0.00374583" T — 0.00424653*"MPS
—0.0110431"QA —0.306528"SF +0.00136708"WS
+0.0000986111*T*MPS+0.0000538889"T* QA+
0.00161111*T*SF — 0.0000135*T*WS
—0.000115278"MPS*QA —0.000972222*"MPS*SF—
0.00011875*"MPS*WS+0.00216667*QA*SF
+0.0000495*QA*WS+0.000883333*SF*WS  (4)
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N 69.0-76.0
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Figure 8 Estimated response surface between MPS and
WS for diameter. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

Thermal shrinkage = 22.1331 — 0.163778"T
—0.535"MPS — 0.212722"QA — 11.7389*SF
+0.0856333"WS + 0.00591667T*MPS
+0.00151111"T*QA + 0.0777778"T*SF—
0.000773333"T*WS — 0.00161111"MPS"QA

— 0.238889"MPS’SF — 0.00005"MPS*WS+
0.0255556"QA*SF + 0.00007"QA*WS + 0.013"SF*WS

®)
For the observed results and fitted results gener-

ated for each trial, the models gave acceptable
results for the diameter [Fig. 7(a)], tenacity [Fig. 7(b)]
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and elongation at break [Fig. 7(c)], modulus (Fig.
7(d)], and thermal shrinkage [Fig. 7(e)].

The model gave acceptable results with small vari-
ation for reasons such as blocked nozzles in the
spinneret because of the nature of this polymer and
the nonuniform flow, the tension variation, some
tension during preparing the sample for the test, or
the fractional resistance between the fibers that
transfers the forces between the fibers and raises the
fraction.®

Theoretically, the obtained statistical-based models
could be tested regarding the reported dynamic
modeling of melt-spinning process®* through a set
of rate equations. Input and output values should be
adjusted as to the material properties and the pro-
cess conditions. That helps to find the general effect
with some numerical differences in regression meth-
od’s results obtained from such theoretical models.”

The pattern of estimated responses is based on the
assumed model derived from the experimental
observations. The geometric result of plotting a
response variable is as a function of two factors, and
the interaction appears with the surface twist. The
remaining factors are fixed on the middle of their
range, for example, T = 130 + (145-130)/2 =
137.5°C. If twist is found in the 3D-estimated sur-
face-response diagrams, the detected effect is signifi-
cant. To determine the direction of the interaction
MPS and WS, the estimated response surfaces of

a b
Estimated Response Surface ;
QA=42_5.SF=0F:.25,WS=75.0 Estimated Response Surface
MPS=9.0,0A=42.5 SF=0 425
Tenacity
W 0.31-0.355 Tenacity
P . 0.355-04 = 0.31-0.36
g5 = 0.4-0.445 =2 . 0.36-0.41
© B 0.445-0 49 o 9 0.41-0.46
o 0490535 | 3 . 0.46-0.51
12
£ g it 100
MPS
WS
T
C Estimated Response Surface

T=137.5,QA=42.5,5F=0.425

Tenacity

Tenacity
. 031-0.36
B 0.36-0.41
W 041-046
I 046-0.51

Figure 9 Estimated response surface for tenacity (MPS and T, WS and T, and WS and MPS). [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]
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Estimated Response Surface
MPS$=9.0,QA=42.5 WS=75.0

Elongation
mm 490.0-557.5
W 557.5-625.0
9 625.0-692.5
BN 692.5-760.0

Elongation

T
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Estimated Response Surface
T=137.5,0A=42.5 WS=75.0

Elongation
N 490.0-566.0
Bl 566.0-642.0
W 642.0-718.0
Il 718.0-794.0

Elongation

c Estimated Response Surface
T=137.5,QA=42.5, SF=0.425

Elongation

Elongation
== 490.0-566.0
B 566.0-642.0
 642.0-718.0
B 718.0-794.0

794.0-870.0
1 870.0-946.0

Figure 10 Estimated response surface for elongation at break (SF and T, MPS and SF, and WS and MPS). [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

diameter are used as shown in Figure 8. There are
three axes, the first interaction factor MPS (metering
pump speed) is on the X-axis and low and high lev-
els, the second interaction factor WS (winding
speed) is on the Y-axis with low and high levels,
and Z-axis shows the averages of the measured di-
ameter. There is small twist found in the surface,
and, as a result, a significant effect has been detected
between metering pump speed and winding speed,
which confirms the previous analysis results. In a
similar analysis, the estimated response surfaces for
tenacity (Fig. 9), elongation at break (Fig. 10), modu-

Estimated Response Surface
T=137.5,0A=42.5,SF=0.425

Modulus
mm 0.18-0.19
W 0.19-0.2
B 0.2-0.21
mm 0.21-0.22

0.22-0.23
77 0.23-0.24

Modulus

lus (Fig. 11), and thermal shrinkage (Fig. 12) show
the relationships between them and the previously
studied effected interactions. Obtained results agree
with the previous analysis conclusions.

Cube plots are used to summarize predicted val-
ues for the dependent variable by giving the respec-
tive high and low setting of factors. The cube plot
shows the predicted values for three factors at a
time, and the rest factors are fixed on the middle of
their range (the middle level). In the cube plots for
the diameter [Fig. 13(a)], tenacity [Fig. 13(b)], elonga-
tion at break [Fig. 13(c),] modulus [Fig. 13(d)], and

b

Estimated Response Surface
T=137.5MPS=9.0,SF=0.425

Modulus
W 0.18-0.18
Bl 0.19-0.2
B 0.2-0.21
mm 0.21-0.22

0.22-0.23
0 0.23-0.24

Modulus

Figure 11 Estimated response surface for modulus (WS and MPS and QA and WS). [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

Journal of Applied Polymer Science DOI 10.1002/app



Estimated Response Surface
QA=425 SF=0.425,WS=75.0

Shrinkage
= -1.2-0.95
B -0.95--0.7
= -0.7--0.45
M -045-02
-0.2-0.05
0.05-0.3

Shrinkage

T

Shrinkage

Estimated Response Surface
MPS=9.0,QA=42.5,5F=0.425

Shrinkage
M -1.2--0.95
N -0.95--0.7
" -0.7--045
m-045--02

-0.2-0.05
0.05-0.3

' 110
90
> 70

6 _—
130 133 136 139 142 145 50 WS
T

Figure 12 Estimated response surface for thermal shrinkage (MPS and T and WS and T). [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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Figure 13 Cube plots of the estimated effects for the high and low settings of MPS, T. and WS for diameter, tenacity,

elongation at break, modulus. and thermal shrinkage.
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TABLE V
The Combinations of Factor Levels for the Diameter, Tenacity, Elongation, Modulus, and Shrinkage

The combination of factor levels (], low level; 1, high

level)
Response Optimum model Optimum value T MPS QA SF WS
Diameter Maximum 112.239 l 1 1 1 l
Minimum 57.4144 1 ! l 1 il
Tenacity Maximum 0.626375 1 ! 1 l T
Minimum 0.267125 l l l i l
Elongation Maximum 994.501 1 1 l 1 !
Minimum 367.792 ! ! 1 l T
Modulus Maximum 0.279 l l 1 i i
Minimum 0.160 ! 1 1 1 !
Shrinkage Maximum 0.720625 | 1 ! ) !
Minimum —2.12188 1 l l l i

thermal shrinkage [Fig. 13(e)] depending on the
obtained regression equation, each value corre-
sponds to the values of the experimental factors
metering pump speed, extrusion temperature, and
winding speed at the middle levels of quench air
speed and spin finish application range, which are
42.5 and 0.425, respectively.

CONCLUSIONS

A production process of as-spun biodegradable lin-
ear AAC fiber has been optimized. The diameter, te-
nacity, elongation at break, modulus, and thermal
shrinkage of fibers have been characterized and
modeled. The models forecast the analyzed
responses’ values through the optimized window.
The high-wind up speed adds tension on filaments
from the spinneret through the cooling and solidifi-
cation stages. Decrease of spinning temperature
leads to higher viscosity, higher flow resistance
through the spinneret’s nozzle, and high-die head
pressure. Melt-extrusion temperature, metering
pump speed, winding speed, and the interaction
between the metering pump and the winding speeds
are the most important factors affecting the diame-
ter. Extrusion temperature, winding speed, and
metering pump speed are the most important factors
affecting the mechanical properties and thermal
shrinkage as was been described previously.

Table V summarizes the main conclusion of the
results in a concise factorial statistical model. The
optimization presents the combination of factor lev-
els that maximize and minimize responses over the
indicated region. They cover the identified signifi-
cant main and interaction factors and specify the
combinations of factor levels for enhancing
responses of as-spun AAC fibers. The theoretical
regression models obtained form the main source
code in the enhanced forecasting program, which
presents the melt-spinning process of aromatic-ali-
phatic copolyester fibers. After drawing and prepar-
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ing, fibers could be used in agricultural, horticul-
tural, and other textile applications as
environmentally friendly, economical, energy-saving
fibers. Together with previous work,*** current
results help to understand the production processing
of AAC fibers and provide more technical informa-
tion for scientists and technologists to use suitable
conditions. The achieved models used to calculate
various statistics include correlations, covariances,
and partial correlations.

The responses of the statistical models derived
here can be explained by general extrusion theories
and the knowledge of the influence of the involved
parameters on the studied responses. The enhanced
plot optimizes the process parameters to produce
the most satisfactory responses and indicate the fac-
tors and responses behavior through the optimiza-
tion window. The achieved models predict one vari-
able given values of one of more other variables. In
addition to creating group trials of data with similar
characteristics, developing a predicting method,
reducing the number of factors and responses to a
small set of meaningful measures, determining
which combinations of the factors and responses
determine most of the variability in analyzed data,
and finding combinations of the factors and
responses related to each other.

The authors are indebted to James McVee from School of
Textiles and Designs, Heriot-Watt University, Scottish Bor-
ders Campus for the appreciated technical support on the
SEM and tensile test equipments.
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