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ABSTRACT: By using factorial experimental design, a
range of crystallographic orders for as-spun linear ali-
phatic–aromatic copolyester fibers have been characterized
with the aid of wide angle X-ray diffraction measure-
ments. Full-Width Half-Maximum of an X-ray scattering
profile (FWHM) has been quantitatively assessed as
responses to polymer grades denoted by melt flow index
(MFI) and to extrusion temperature zones in the extrusion
equipment used to produce the as-spun fibers. With the
advantages of the factorial experimental design in the de-
velopment of fiber process technology, the enhanced sta-

tistical approach specifies the direction of change of the
polymer’s melt flow index and extrusion temperature
profile for increasing or reducing crystallographic order.
The produced as-spun aliphatic aromatic copolyester
fiber is an environmentally-friendly attractive, alternative
to conventional chemical fibers for different applications.
VC 2010 Wiley Periodicals, Inc. J Appl Polym Sci 119: 1896–1904,
2011
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INTRODUCTION

Biopolymers are biodegradable polymers based on
either renewable or synthetic sources,1 they break
down in a short space of time in the natural environ-
ment. The production of novel and biodegradable
fibers from biomass feed stocks has been facilitated
by biotechnology used to produce the biopolymers.
The use of composite materials is increasing at more
than 10% per year; and bio-based materials will play
a major role as environmentally friendly materials.
In the last 25 years the world-wide production of pe-
troleum source plastics has increased, and many
governments have established laws to encourage
recycling and use of bio-based environmentally
friendly products to confront the problem of waste.2

Aliphatic–aromatic copolyesters are fully biode-
gradable petroleum polymers with stable physical
and chemical properties and with comparable cost
to other plastic polymers.3 In an active microbial
environment, the copolyesters products become in-
visible to the naked eye within 12 weeks.4,5 Scientists

have tried to improve the properties of bioplastics
without affecting their biodegradability.6 The biode-
gradability of polymers is influenced by the chemi-
cal structure of the polymer chains, crystallinity,
chain orientation, and other morphological proper-
ties.7 Although the degree of crystallinity is an im-
portant factor in determining microbial degradabil-
ity, the biological resistance of the copolyesters is
significantly influenced by the chemical structure.8

Recently, there has been an increasing interest in
applying biodegradable aliphatic/aromatic multi-
block copolyesters for biomedical and nonwoven
applications9–13.
Extrusion temperature profile affects properties,

productivity, and product cost.14 One of the most
important properties for the quality control of poly-
mers is melt flow index (MFI): higher MFI leads to
lower resin velocity and molar mass.15

Under processing, the viscoelastic nature of poly-
meric fluids has many complex effects on the flow
stability.16 Other properties such as molecular mobil-
ity and dye-ability of produced synthetic fibers are
reduced by high orientation.17,18

Modern statistical experimental design methods
help to produce the most satisfactory properties in
the product for different applications; it has its diffi-
culties as well as its usefulness. Statistical experi-
mental design (SED) is still limited because of poor
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attitude toward the statistical experimental design
strategies and lack of collaboration between aca-
demic and industrial fraternities.19 SED analysis sol-
ves the problems that rise in traditional analyses
depending on the one factor at a time method.20 It
has the advantages of a one-step overall design in
the development of process technology with known
levels of confidence model. An achieved forecasting
model specifies the direction of change of studied
factors for increasing or reducing enhanced
responses. In the melt spinning process many factors
can be studied such as temperature profile, screw
speed, metering pump speed, cooling system speed,
and winding-up speed. For fiber work, preexperi-
mental work should be carried out to find out the
rheological data for determining the enhanced melt
spinning conditions. As-spun AAC fibers were spun
at different extrusion temperature profiles. Compar-
ing the half-height widths of an X-ray scattering pro-
file directly draws conclusions about the relative
crystallographic order within a series of fibers.

FACTORIAL EXPERIMENTAL DESIGN

Experimental design analysis gives information
about the significant main factors and the effects
interactions through optimization of the average
response value and depending on the factors and
their levels.21,22 First, some preexperimental work
must be carried out to determine the number and
the levels of factors, and to prepare the matrix
design and the number of trials. After this process
and the testing of the samples, the data are analyzed
and the significant factors are determined to develop
the process design.23 Because the unsuspected fac-
tor’s change with time may distort the analysis and
result in misleading conclusions,24 random 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, nor-
mal probability plot, surface plot, interaction plot,
and analysis of variation (ANOVA). The theoretical
basics about these tools will be described later with
the results analysis. The programs used to obtain the
matrix design and the statistical analysis plots are
MINITAB22 and STATGRAPHICS.25

THEORETICAL CONSIDERATIONS OF
X-RAY DIFFRACTION (XRD)

X-ray diffraction is used to determine the sample
crystalline spatial arrangement of the atoms within
crystalline materials and to establish standards for
assessing crystal structure and crystallinity.26 Full-
Width Half-Maximum (FWHM)27,28 of an X-ray scat-
tering profile is a function of the internal strain state
in the investigated material. FWHM is an indication

of degree of order of fiber structure developed during
crystallization. According to the Debye-Scherrer for-
mula [eq. (1)] the lower value of FWHM, the higher
degree of crystallographic order and vice versa29:

t ¼ Kk=B Cosh (1)

Where t is the averaged dimension of the crystallite,
K is the crystallite shape constant, k is the wavelength
of the X-ray source, y is the Bragg diffraction angle in
degrees, and B is the diffraction peak width propor-
tional to FWHM. Thus, K is assumed to be the same
among all the fibers for which FWHM is determined.
As the grade and the temperature profiles change,
the fiber structure is expected to change and that will
be seen in the intensity and the width of the crystal-
line peaks of X-ray diffraction traces. In X-ray dif-
fraction traces, the crystallographic order degree
increases with increase in the intensity of crystalline
peaks, decrease in peak width and decrease in back-
ground area of scattering profile. A higher size of
crystallite and the higher degree of crystallographic
order are reflected qualitatively in a decrease in
FWHM value of (110) planes and vice versa. Dramati-
cally for all trials, the analysis will explain the gradu-
ally change in the factors and the structure obtained.

EXPERIMENTAL WORK

Materials

A fully biodegradable petroleum aromatic–aliphatic
copolyester (AAC) (Solanyl flexibility component),
based on butanediol, adipic acid, and terephthalic acid,
supplied by Rodenburg Company, Netherlands, was
used in this study. In terms of structure development,
two grades of linear AAC (AAC1 and AAC2) were
used in this stage. They are coded as MFI1 and MFI2
depending on their melt flow index MFI (Fig. 1). The
material is referred to30 as: 1,4-benzenedicarboxylic
acid polymer with 1,4-butanediol and hexanedioic
acid. The polymer shape is a spherical granule resin of
diameter 3–5 mm with density of 1.22 g cm�3. The
range of melting temperatures is 110–115�C. Because
of the low water solubility and high molar mass of the
polymer (>105), it is unlikely to bio-accumulate.31 No
eco-toxicity data were submitted32 and no significant
toxicological effect was observed.33 AAC meets the
requirement of German standard DIN V 54900. Both of
the AACs were dried at 60�C for 6 h before use, to
avoid possible hydrolysis during the extrusion process.

Methods

Characterization of scattering traces

Wide angle X-ray scattering (WAXS) traces were
obtained by using a Bruker D8Discover transmission
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X-ray diffractometer. A flat disk sample made by
compacting tiny 1-mm lengths of fibers into a small
10-mm transparent holder was used; the detector is
beneath the holder. The Discover uses a copper
k-alpha target and transmits X-rays through the
sample; the scan range was 15–28 (2y�). When the
X-ray source moves theta degrees (y�), the detector
stays in conjunction with it by 2 theta degrees (2y�)
throughout the scan. Full-width half-maximum
(FWHM)27,28 of (110) planes were calculated and
processed digitally through DIFFRAC plus EVA com-
puter programme.

Differential scanning calorimetry (DSC)
characterization

A METTLER-TA Instrument DSC12E and MET-
TLER-TOLEDO-TA89E System Software34–36 was
used to determine the thermal curves of 5- to 10-mg
samples of AAC polymer and fibers. The weight val-
ues of the specimen were measured using three dec-
imal places scale. Sample’s aluminum pan was used
in atmosphere of nitrogen; three replicates were
scanned for each sample.

Melt flow index—MFI

Ray-Ran 5 Series Advanced Melt Flow Systems
according to ASTM D-1238 was used to measure the
melt flow index. The instrument contains 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 2.16-kg loaded piston at different temperatures
of 120, 125, 130, and 135�C.

Melt spinning

Fibers were extruded via melt spinning on a Lab-
spin machine, Extrusion Systems Limited, UK,

shown in Figure 2. The Lab-spin machine consists of
an extruder, a metering pump, a die head, an air
cooling window, a spin finish application system,
and a winding system. The temperature zones in the
extruder are barrel zones (T1, T2 and T3), metering
pump zone (T4), and die head zones (T5 and T6).
Polymer granules are fed through the hopper into
the extruder, then mechanically compressed and
melted. The molten polymer is forced through the
spinneret (55 holes) as fine jets with speed adjusted
by the metering pump (fixed at 4 rpm) which gener-
ates the high pressure during metering. The air cool-
ing quench speed was set at 37% of total blower fan
air output. The filaments then cool down and
harden progressively to emerge as solid filaments.
The spin finish (Vickers) was diluted five fold with
water before use with application speed of 0.4 rpm.
The filaments were collected from the godets set at
36 m min�1 without tension between them and the
winder (Fig. 2).

RESULTS AND DISCUSSION

Experimental design and results

The extrusion experiments conducted involved four
factors at two levels, as given in Table I. The
selected control factors covered the polymer grades

Figure 1 The relationship between MFI and temperature
(AAC1 and AAC2 at weight ¼ 2.16 kg). [Color figure can
be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Figure 2 Schematic diagram of the melt spinning
equipment.

TABLE I
Factors and Their Levels for the Experiments

(Temperature Values, �C)

Level

Factor

Z1 Z2 Z3

MFIT1 T2 T3 T4 T5 T6

�1 (Low) 110 115 120 125 130 130 MFI 1
1 (High) 115 120 125 130 145 145 MFI 2
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(MFI) and the extruder temperature zones. Two
grades of linear AAC (AAC1 and AAC2) were used
in this work; they are coded as MFI1 and MFI2
depending on their measured melt flow index MFI
and it does not present the properties of the polymer
fully. The temperature zones in the extruder are bar-
rel zones (feeding zone temperature T1, compression
zone temperature T2, metering zone temperature T3,
metering pump temperature T4, and die head zones’
temperature T5 and T6). To simplify the experiment,
each two zones were combined and considered as
one, i.e., Z1 ¼ T1 þ T2, Z2 ¼ T3 þ T4, and Z3 ¼ T5
þ T6. Depending on related work on the Brabender
machine, the six temperature zones are condensed
into three zones to decrease the unstable flowing
because of viscosity and temperature interaction.
That is because of the continuous flowing of the
molten polymer between the die head zones (T5 þ
T6) and the heat diffusion between the metering
zone of the screw (T3) and the metering pump (T4)
which could not be controlled separately. In addition
to that justification allowed keeping the temperature
profile increasing from the screw feeding zone until
the die head. That because polymers are bad con-
ductors of heat and would need more time to cool
down, that make a decrease in the temperature from
zone to another is not possible. The experiments
were conducted in two blocks for the polymer grade
(MFI) because of the difficulty of cleaning the
machine after each run. A fraction factorial experi-
mental design (L16) for a simple experiment of four
factors at two levels with random order was used as
shown in Table II designed using STATGRAPHICS25

software. The generated matrix (L16) clusters all ex-
perimental conditions to be controlled, as all factors
levels appear the same number of times in each col-
umn, and allows all individual factors and their

interactions to be analyzed statistically and eval-
uated independently.
Detailed comparisons of each trace reveal that

some traces are more similar for each other than to
others with slightly significant differences including
the overall shape, the numbers and the positions of
peak. In Figure 3(a) which presents typical X-ray dif-
fractometer traces for the first block (lower MFI),
there are five major crystalline diffraction peaks
with different full-width half-maximum (FWHM) of
an X-ray scattering profile observed at 2y� ¼ 16,
17.5, 20.5, 23, and 24.5. In Figure 3(b) which presents
typical X-ray diffractometer traces for second block
(higher MFI), the same previous noted five peaks
and an additional peak at 2y� ¼ 21.5 were observed.
The gradual structural change is attributed to the
special features of the polymer grade and the extru-
sion temperature profile. The peaks observed at 2y�

¼ 16, 20.5, 21.5, and 24.5 are very wide and weak.
The peaks at 2y� ¼ 20.5 and 23 are slightly sharper,
more intense and smaller in width. The peak at 2y�

¼ 23 was fitted using DIFFRAC plus EVA software
to compare the half-height widths. From it, conclu-
sions were drawn about the relative crystallographic
order within a series of the 16 samples. FWHM
results of the sixteen trials are listed in Table II;
results analysis helps in evaluation of the effect

TABLE II
Experimental Array and the Experimental Results

Trial number Block MFI Z1 Z2 Z3 FWHM

1 1 �1 1 1 1 0.630
2 1 �1 �1 �1 1 0.628
3 2 1 1 �1 1 0.579
4 2 1 1 1 �1 0.597
5 1 �1 1 �1 �1 0.590
6 2 1 �1 �1 �1 0.602
7 1 �1 �1 1 �1 0.621
8 2 1 �1 1 1 0.606
9 1 �1 1 �1 1 0.652

10 2 1 1 1 1 0.646
11 2 1 �1 �1 1 0.596
12 1 �1 �1 �1 �1 0.615
13 2 1 1 �1 �1 0.602
14 2 1 �1 1 �1 0.591
15 1 �1 �1 1 1 0.639
16 1 �1 1 1 �1 0.607

Figure 3 WAXS traces of AAC fibers for first (a) and sec-
ond (b) blocks.
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between as-spun fiber structure and the drawability
to enhance better drawn fibers. An increase in struc-
ture order is obtained in an increase in the peak in-
tensity, a decrease in the peak width and a decrease
in the background area. Such a quantification of
structure order as a response parameter makes it
possible to conduct systematic analysis of the poly-
mer grade and the temperature profile on the fiber
structure. This in turn will facilitate optimization
and modeling of overall process.

In thermal diagrams of two AAC grades, Figure 4, a
broad temperature range of melting (about 100–
135�C) was observed for the polymer samples.
According to the DSC results, an optimum tempera-
ture window was found taking all factors into account
because the polymer does not melt completely below
120�C. The overall thermal behavior of the AAC poly-
mer used in this work allows the conclusion that the
processing window is quite wide. Therefore, the copo-
lyester can be safely melt processed at 125�C.

In Figure 5, no appreciable changes of relative in-
tensity of the peaks in the endotherm are observed in
the fibers; the multiple melting phenomena observed
could be attributed to compositional heterogeneity of
the copolyester. Based on this fact, it can be suggested
that AAC is a mixture composed of a number of com-
ponents with different melting points. The endother-
mic curves of fractions are indicating that they are in
the amorphous states. Ko et al.37 relate the complex
melting behavior as a result of the melting of different
populations of lamellar crystals and/or the melting-
recrystallization-remelting processes.

Statistical analysis of the effects of extrusion
temperature profile and polymer grade
on the FWHM

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 extrusion temperature profile zones
and polymer grade. A Pareto chart for FWHM, Fig-
ure 6, shows the significant arrangement of factors
and their interactions in decreasing order (y-axis)
depending on the significant effect (x-axis). The
decreasing order is MFI > Z3 � MFI and Z3 > Z2

> Z1 and Z3 > Z2 and Z3 > MFI and Z1 > MFI
and Z2 > Z1 and Z2 � Z1.
Figure 7 shows the main effects and interaction

plots of the statistical analysis of the effects caused
by the main factors and their interactions on
FWHM. In the effect plot, Figure 7(a), the factor
effect between the average responses of the low and
high level of the factors are presented, the capital
letters along the horizontal axis representing the
main factors. The effect line determines the effect of
the factors from the length and the slope of the line
between the two levels. The longer the effect line the
more significant the factor effect. The direction of
the effect is determined by the slope of the line: a
positive effect is obtained when the line increases

Figure 4 Thermal diagram of AAC.

Figure 5 Thermal diagrams of fibers for first (a) and sec-
ond (b) blocks.

Figure 6 A ranked list of significant arrangement effects
and interactions for FWHM (Pareto chart).

1900 YOUNES AND FOTHERINGHAM

Journal of Applied Polymer Science DOI 10.1002/app



from the left to the right and vice versa. The main
effects of MFI and Z3 (T5 þ T6) are more pro-
nounced than the other factors, Z1 and Z2, as their
lines are longer and their slope is sharper than that
of the other factors. FWHM increases either by
increasing the temperature of the die head or by
using the lower melt-flow index grade. In other
words, increasing the temperature of die head or
using the lower melt-flow index grade decreases the
degree of crystallographic order.

To determine the form of the interaction between
each two factors together and how the direction of
change of the interacting factors influences the
change on FWHM, an interaction plot is needed. In
Figure 7(b), all the interactions could be simulated
as the plot shows the existence or otherwise of each
two factors interaction. For example, the interaction
between MFI and Z3 is presented as MFIZ3 on the
plot. The first factor (polymer grade coded as MFI)
is presented on the x-axis from low level to high
level, the second factor (die head temperature coded
as Z3) shows as two different lines, one for low level
coded as � and another for high level coded as þ.
The nonparallel lines confirm the presence of inter-
section. The y-axis shows the averages of the meas-
ured response, FWHM. It is a useful method to
render the interaction between the polymer grade
(MFI) and the die head temperature (Z3) relatively
easy to understand, when the high level of die head
temperature is paired with the lower MFI grade, the
maximum FWHM (or lower degree of crystallo-
graphic) is obtained. However, there are two note-
worthy interactions, MFIZ3 and Z1Z3; their signifi-
cance should be investigated because of the small
angles between the interaction lines. The major fac-
tors influencing FWHM value would be advised to
be assessed further to understand their influence
more fully. The small effect of Z2 and its interaction
with Z3 are related to the heat diffusion between the
metering pump and die head as a result of the con-
tinuous flowing of the molten polymer.

STATGRAPHICS25 is used to calculate statistical
standardized and percentage order factors and their
interactions values, then to plot them on x and y
axes, respectively, to generate a normal probability
plot or a Daniel’s plot. This technique helps in the
separation process of factors into important/unim-
portant categories and gives more details whether
the factor’s effect is positive or negative.38 The
straight line represents the empirical principle in the
middle of the range; 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. If responses follow a normal distribu-
tion pattern, there are no statistically significant fac-
tor effects in the experiment. Figure 8 displays the
normal probability plot of the derived effect esti-
mated and gives more details about the normal dis-
tribution for the data. The effects from MFI and Z3
and their interaction are again prominent; the effects
from Z1, Z2, and other interaction are less

Figure 7 The effect and interaction plots for the response the FWHM, (a) and (b) are for the main factors and their inter-
action, respectively.

Figure 8 Statistical standardized and percentage order
values of factors and their interactions for the FWHM
(Normal Probability Plot). [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.
com.]
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prominent. More details about the effect significance
will be obtained from ANOVA for FWHM.

Analysis of variance (ANOVA) for FWHM

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. Fisher21 is a mathematical method: it
compares the response data to the error data, to
determine the significant effect of the independent
factors or from their interaction.

ANOVA depends on the F test, the F-ratio being
obtained from statistical F tables at the appropriate
level a ¼ 0.05.20–22 If the F value is greater than the
critical F value, F ¼ 4.96 in our work, its factor has a
significant effect on the response. After calculating
the F value, the P value is determined using the
graphic method (P : a-significance level) and can
be obtained from most modern statistical analysis
programs. A probability or P-value used in ANOVA
provides quantitative and objective criteria for judg-
ing the statistical significance of the effects. Each fac-
tor has a P-value less than 0.05 indicates that the fac-
tor is significantly different from zero at the 95.0%
confidence level. An error could come from either
assignable causes that represent variation due to
changes in the independent factors, or random
causes that signify uncontrolled variation.

The ANOVA table partitions the variability in
FWHM into separate parts for each effect, and then
tests the statistical significance of each effect by com-
paring the mean square against the experimental
error. The results are listed in Table III. The signifi-
cance of the studied factors will then be MFI (0.0330)
> Z3 (0.0453). Even there is prominent interaction
between MFI and Z3 as mentioned before, its P-value
(0.2514) is bigger than 0.05. As a result, the interac-
tion MFI and Z3 has no significant effect. There are
no significant effects of the other interactions within
the temperature range in the experiments.

The regression equation and estimation
results for FWHM

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. To
determine the direction of the interaction MFIZ3, the
estimated response surfaces of FWHM is used as
shown in Figure 9. There are three axes, the first fac-
tor MFI is on the x axis with low and high levels,
the second factor Z3 is on the y axis with low and
high levels, and z axis shows the averages of the
measured MFIZ3. The estimated response surface is
based on the assumed regression model. As the sur-
face is flat with no twist found in the surface, no sig-
nificant effect has been detected between MFI and
Z3. And that agrees with the previous statistical
analysis results of the interaction plot and ANOVA
derived from the experimental data.
Based on the analysis of the fraction factorial ex-

perimental design (L16) results and using STAT-
GRAPHICS program, simplified model was fitted by
the regression equation [eq. (2)], which has been fit-
ted to the experimental data. The regression equa-
tion in terms of the previous coded values in Table I
is the following:

FWHM ¼ 0:612562� 0:0101875 �MFI

þ 0:0003125 � Z1þ 0:0045625 � Z2þ 0:0094375 � Z3
þ 0:0033125 �MFI � Z1þ 0:0030625 �MFI � Z2
� 0:0050625 �MFI � Z3þ 0:0025625 � Z1 � Z2

þ0:0044375 � Z1 � Z3þ 0:0036875 � Z2 � Z3 ð2Þ

TABLE III
Results from Analysis of Variance (ANOVA) of the Data Identifying the Statistical Significance of Factor

Source Sum of squares Degrees of freedom Mean square F-ratio P-value

MFI 0.00166056 1 0.00166056 5.94 0.0330
Z2 0.000333063 1 0.000333063 1.19 0.2985
Z3 0.00142506 1 0.00142506 5.09 0.0453
MFI Z3 0.000410063 1 0.000410063 1.47 0.2514
Total error 0.00307563 10 0.000307563
Total (corr.) 0.00690594 15

Figure 9 The FWHM Estimated response surface for the
interaction between MFI and Z3. [Color figure can
be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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The model evaluates the significance effect of each
independent variable to a predicted response
depending on the coefficient constant for the linear
effects of independent factors and the coefficient
constant for the interactions effects, where 0.612562
is coefficient constant for offset term.

Figure 10 shows the Experimental observed results
and theoretical fitted results plot of FWHM. Experi-
mentally observed results are plotted on the y axis,
and FWHM for theoretical fitted results generated
using the last fitted model is plotted on the x axis
for each trial. The predicting model gave acceptable
results with small variation (0.02) for reasons such
as: (i) blocked nozzles in the spinneret because of
the nature of this polymer and the nonuniform flow,
(ii) the tension, (iii) some tension during preparing
the sample for the test or (iv). The interaction Z2Z3
effect is related to the heat diffusion between the

metering pump and die head as a result of the con-
tinuous flowing of the molten polymer.
Square and cube plots are used to summarize pre-

dicted values for the dependent variable by giving
the respective high and low setting of factors. The
cube plot shows the predicted values for three fac-
tors at a time, the square plot shows the predicted
values for two factors at a time.
In Figure 11(a) and depending on the regression

equation, each value corresponds to the values of
the experimental factors Z2, Z3, and MFI at the mid-
dle level of Z1 range (between �1 and þ 1) that is 0.
In Figure 11(b), the square plot gives more details
about the relationship between Z3 and MFI at the
middle levels of both Z1 (0) and Z3 (0) ranges.
In conclusion, there are two significant factors affect-

ing the crystallographic order which are the AACs
grade used and the die head temperature (Z3) at
which the polymer melt passes through the spinneret.

CONCLUSIONS AND STATISTICAL MODEL
FOR OPTIMIZATION

A production process for biodegradable fiber has
been developed from linear aliphatic–aromatic copo-
lyester. Based on DSC and XRD data, the tow grades
used show differences in crystallization and rheolog-
ical behaviors. In term of characterization of individ-
ual polymer grade, the analyzed data shows that the
temperature of the die head should be considered.
There are interactions between temperature zones
related to the heat diffusion between barrel zones,
the metering pump and die head as a result of the
continuous flowing of the molten polymer. In the
optimization of full-width half-maximum of an
X-ray scattering profile (FWHM), Table IV shows the
combination of factor levels which maximize and
minimize FWHM over the indicated region. The
lower value of FWHM leads to the higher size of the

Figure 10 Experimental observed results and theoretical
fitted results plot for FWHM. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.
com.]

Figure 11 FWHM Cube (MFI, Z2 and Z3, a) and Square (MFI and Z3, b) plots of the estimated effects for the high and
low studied factor settings.
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crystallite and the higher degree of crystallographic
order and vice versa. The statistical model covers
the polymer grade, extruder zone temperatures, and
their interactions and specifies the combinations of
their levels for enhancing crystallographic order.
With previous work39,40 on overall orientation, cur-
rent results assist the understanding of the processing
of AAC fibers. A grade with lower melt flow index
should be selected for future work on extrusion pro-
cess modeling. The model helps processing scientists
and technologists in industry to obtain the enhanced
crystallographic order at suitable conditions related
to final product cost to get environmentally friendly,
economical, energy saved fibers. Mechanical proper-
ties will be investigated in future work.

The authors are indebted to Dr. Robert. R Mather, Heriot-
Watt University, School of Engineering and Physical Scien-
ces (EPS), for helpful comments and stimulating discussions
and toMrs. M. K. Millar, Heriot Watt University, EPS, for the
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TABLE IV
The Combination of Factor Levels Which Maximize and Minimize FWHM Over the Indicated Region

Optimum value

Maximum FWHM value (lower degree of
crystallographic)

Minimum FWHM value (higher degree of
crystallographic)

0.646437 0.589937

Factor Optimum model Actual value Optimum model Actual value

MFI Low level MFI 1 High level MFI 2
Z1 High level 115–120 Low level 110–115
Z2 High level 125–130 Low level 120–125
Z3 High level 145–145 High level 145–145
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