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ABSTRACT: Polypropylene filaments spun under a facto-
rial experimental design were characterized with respect to
filament tenacity, elongation, and specific secant modulus.
These quantities were assessed quantitatively as responses
to seven selected processing parameters using standard sta-
tistical methods. It was found that among all the significant
factors identified, the draw-down ratio, which combines
metering pump speed (MPS) and filament winding speed
(WS), exerts the most significant effects on all the three
responses. The grade of polypropylene used, as denoted by
its melt flow index (MFI), also significantly influences tenac-
ity and modulus. Spinning temperature, too, influences
modulus. In addition, the significant influence of two inter-
action effects, MPS*WS and MFI*WS, is demonstrated. A

further feature of the study is systematic correlation of phys-
ical properties with microscopic structure as well as process-
ing conditions. The study has demonstrated that the statis-
tical approach to the development of fiber process technol-
ogy has the advantages of a one-step overall design,
considerably reduced experimental size, and systematic
analysis leading to concise models with known levels of
confidence. © 2005 Wiley Periodicals, Inc. ] Appl Polym Sci 96:
144-154, 2005
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INTRODUCTION

Word-wide production of polypropylene (PP) fibers
has increased by more than five times since 1980,
considerably surpassing that of polyamide and acrylic
fibers."? This outstanding success can be attributed to
the prominent advantages of this versatile material,
and hence to its rapid expansion into more diverse
applications. PP fibers possess good resistance to
chemicals, good stain and abrasion resistance, low
density, low thermal conductivity, low moisture ab-
sorption, and excellent toughness and resilience.’
Some of these features are advantageous for domestic
use, such as stain and abrasion resistance for home
furnishing and upholstery fabrics, and lightweight
and thermal insulation for comfort and warmth of
clothing fabrics. The combination of abrasion resis-
tance, stain resistance, and high resilience is desirable
for carpet materials. Other features beneficial for tech-
nical use are good chemical resistance for finishing
processing, toughness for reinforcement of paper,
plastic, and cement, and a combination of high
strength (wet and dry), light weight, low moisture
absorption, and resistance to abrasion for rope mate-
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rials.? Recently, the use of PP fibers has been expanded
to new areas, such as nonwoven fabrics for medical
and hygiene applications. Development of desired
properties and expansion of applications has been
achieved in some cases mainly though new polymer-
ization techniques and new additives. In other cases,
the development of desired properties has been
achieved principally through improvement of pro-
cessing technology.* In all circumstances, processing
plays a critically important role in the development of
end-use fiber products.

Fiber processing normally involves multiple parame-
ters and their interactions. However, the approach of
“one factor at a time” to the development of processing
technology can be time consuming and costly. In this
“traditional” approach, only one factor is changed at a
time while other factors are kept constant. As a result, a
large number of experiments are necessarily required.
Furthermore, interaction effects between individual pa-
rameters cannot be readily studied, thus often giving an
incorrect model of the process of interest. Recently, a
statistical approach comprising factorial experimental
design and comprehensive statistical analysis has been
applied to studies of PP fiber processing.” In contrast to
the traditional approach, the statistical approach identi-
fies both interaction effects and individual factor effects.
Therefore, more accurate and reliable conclusions in re-
lation to the process can be reached.
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Figure 1 Schematic diagram for the melt spinning of PP
fibers. The numbers refer to heaters in the melt spinning
equipment.

This article concentrates on our work on the appli-
cation of the statistical approach to the investigation of
the factors controlling mechanical properties of the
as-spun PP filament, including tenacity, elongation to
break, and specific secant modulus. Specific secant
modulus, determined over the 2-5% range of filament
elongation, is often more reliably determined than
initial modulus, evaluated from the initial slope of a
stress-strain curve for a filament. The results of the
investigation of factors controlling structural proper-
ties, including crystallographic order (assessed from
the reciprocal of the half-height width of the 110 plane
in a wide-angle X-ray diffraction pattern'’) and over-
all orientation of molecular chains, using the same
approach, have been reported in a previous article."!
The mechanical characteristics, analyzed in this paper
by standard statistical methods,'*'® are correlated
with the structural features. The overall aim is to
establish a more systematic understanding of the pro-
cessing-structure-properties relationship in PP fila-
ments and, thus, more efficient development of pro-
cess technology.

EXPERIMENTAL TRIALS

The melt spinning of raw PP granules was carried out
on a melt extrusion machine®!! from Extrusion Sys-
tems Limited (ESL), illustrated schematically in Figure
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1. From the granules to as-spun filaments, the raw PP
materials went through extruding and melting in the
extruder; metering by the metering pump; filtering
and orientated flow through the die head (with a filter
package and a spinneret of 55 circular holes); air
quenching by ambient, side-blow air; spin finish ap-
plication; and winding. The change in spinning tem-
perature was effected by adjusting the heaters on the
metering pump and the die head (heaters 4, 5, and 6 in
Fig. 1.).

The experiments involved seven control factors that
covered the significant variables in spinning process-
ing:" grades of PP (represented by the melt flow
index, MFI), spinning temperature (ST), metering
pump speed (MPS), hole size of spinneret (HS),
quenching air speed (QAS), application speed of spin
finish (SFS;), and winding speed (WS). Two levels
were used for each factor, as shown in Table I. To
expand design space, the two levels were separated as
far apart from one another as was practically feasible.
The two grades of PP raw material used were
PPH9069 (Finapro) and VC18 (Borealis), with MFI
values of 22.4 (=0.2) and 17.7 (%0.2) g/10 min, respec-
tively.

An L16 fractional factorial experimental design'?
was employed. The detailed experimental arrange-
ment of the sixteen trials is shown in Table II. Also
shown in Table II are values for the draw-down ratio
(DDR), the ratio by which the filaments have been
stretched during their passage from the spinneret to
the winder. The sixteen trials were randomly con-
ducted over two consecutive days, with a block of
eight trials for each day. The entire trial set was du-
plicated in a different random order. In addition, a set
of confirmatory trials (shown in Table III) was con-
ducted, to test the correctness of the model and to
evaluate the significance of interactions between con-
trol parameters. In this third series of trials, QAS and
SFS, were omitted, as discussed below.

Tensile testing was carried out in a conditioned
atmosphere with a temperature of (20 + 2)°C and a
relative humidity of (65 = 3)%. Filaments with ini-
tial length 20 mm were stretched at a constant cross-
head speed, 20 mm min'. Fiber tenacity (specific
stress at break), specific secant modulus, and elon-

TABLE I
Melt Spinning Parameters and Their Levels
Parameters Abbreviation Low level High level

Material melt flow index, g/10 min MFI 17.7 224
Spinning temperature, °C ST 230 260
Metering pump speed, rpm MPS 3 12
Spinneret hole size, mm HS 0.35 0.40
Quench air speed, % QAS 30 50
Application speed of spin finish, rpm SFS 0.35 0.50
Winding speed, m min~! WS 100 400
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TABLE 1I
Experimental Array and Average Responses*

SST  Tenacity cN tex !

Elongation %  Modulus cN tex *

Stnd. HS WFI MPS QAS SFS WS
no. mm g/10 min ST°C rpm % rpm m min~ ' DDR (a) (b) (a) (b) (@) (b) (a) (b)
1 035 177 230 3 30 035 100 111 B B 11.7(0.3) 8.8(0.8) 736(34) 684 (10) 16.7 (2.1) 19.5(1.4)
2 03 177 230 12 30 050 400 114 B B 139(04) 10.2(0.4) 580(17) 546 (5) 229 (2.5) 21.1(0.9)
3 03 177 260 3 50 035 400 444 A A 295(09) 17.2(0.7) 313(26) 298 (4) 45.6(3.9) 33.9 (3.0)
4 035 177 260 12 50 0.50 100 29 C C 54(0.2) 57(0.5) 1790 (49) 1686 (12) 16.7 (2.0) 14.6 (1.2)
5 035 224 230 3 50 050 100 111 B B 9.0(04) 81(05) 702(16) 656 (8) 32.0(3.1) 27.8(24)
6 035 224 230 12 50 035 400 114 B B 104(04) 9.6(0.3) 636(45) 653(9) 44.6(27) 33.7 (1.8)
7 035 224 260 3 30 050 400 444 A A 15.1(0.5) 14.1(0.2) 463(19) 550(9) 50.6(2.0) 42.4 (1.7)
8 035 224 260 12 30 035 100 29 C C 6.3(0.8) 6.1(0.3) 1672 (61) 1508 (10) 21.8 (1.7) 21.0(1.9)
9 040 177 230 3 50 050 400 571 A A 22.8(0.9) 162(04) 318(16) 428(10) 63.5(1.9) 46.3 (2.3)
10 040 177 230 12 50 0.35 100 37 C C 64(03) 6.1(0.3) 1560 (66) 1480 (25) 17.9 (1.5) 17.2(1.3)
11 040 177 260 3 30 050 100 143 B B 84(0.3) 8.2(0.3) 1084 (16) 1004 (8) 16.1(3.4) 14.2(1.4)
12 0.40 17.7 260 12 30 0.35 400 148 B B 13.1(0.1) 10.7(0.4) 716(37) 760 (16) 21.7 (1.4) 18.8(1.3)
13 040 224 230 3 30 035 400 571 A A 155(0.4) 13.5(0.9) 532(37) 626(5) 63.2(3.0) 47.7 (1.7)
14 040 224 230 12 30 050 100 37 C C 72(0.6) 6.3(0.2) 1700 (63) 1518 (22) 26.9 (1.4) 24.4 (1.4)
15 040 224 260 3 50 035 100 143 B B 9.0(0.6) 81(0.1) 830(40) 874(22) 20.0 (1.4) 17.4(0.7)
16 040 224 260 12 50 050 400 148 B B 99(03) 95(03) 692(23) 710 (13) 32.0(1.3) 28.4(0.9)

*See Table I for the abbreviations of the control factors. DDR represents draw-down ratio, and SST

stress-strain type.

Columns (a) are for the original series and (b) the duplicate series. The data in brackets are the standard deviation of five

repeated measurements.

gation to break were measured using an M5 NENE
tensile tester. Five measurements were made for
each sample.

The determination of the wide-angle X-ray diffrac-
tion and optical birefringence data has been reported
elsewhere.®!!

METHODS OF STATISTICAL ANALYSIS

The principal methods of statistical analysis utilized
were main effects plots, analysis of variance

(ANOVA), and interaction plots. The ANOVA was
conducted using “MINITAB” software. The main ef-
fects reveal the relative magnitude and direction of the
effects of individual process control parameters.'* The
ANOVA provides a quantitative index, the F-value,
for judging the significance of factor effects, within a
chosen level of risk, a. In accordance with common
practice, a level of risk, « = 0.05, has been used in our
work. From the F-value, the probability, P, of the
significance of each effect is determined and com-
pared with a.

TABLE 111
Experimental Array and Tensile Data for As-Spun PP Filaments Obtained from the Third Series*
Stnd. HS WEFI ST  MPS WS Tenacity  Elongation Modulus (W, ,,) " An
no. mm g/l0min °C rpm  mmin~' DDR SST cN tex ! % cN tex ! degree X 1000
1 0.35 17.7 230 3 400 444 A 16.1 (0.7) 574 (22) 445 (1.3) 1.14 27.2
2 0.35 17.7 230 12 100 29 C 5.0(0.8) 1594 (114) 15.0(1.0) 0.35 34
3 0.35 17.7 260 3 100 111 B 7.6 (0.6) 1000 (45) 13.9 (0.4) 0.35 12.2
4 0.35 17.7 260 12 400 114 B 10.6 (0.4) 690 (20) 19.1 (2.0) 0.36 10.3
5 0.35 224 230 3 100 111 B 8.2(0.2) 790 (20) 27.1(1.7) 1.02 104
6 0.35 224 230 12 400 114 B 9.5(0.4) 778 (27) 38.4 (2.0) 1.33 9.8
7 0.35 224 260 3 400 444 A 12.1 (0.6) 516 (29) 38.8 (1.7) 1.24 325
8 0.35 224 260 12 100 29 C 51(0.1) 1716(122) 17.4(1.3) 0.36 33
9 0.40 17.7 230 3 100 143 B 10.4 (0.7) 748 (21) 16.6 (1.8) 0.34 7.7
10 0.40 17.7 230 12 400 148 B 12.9 (0.5) 603 (51) 23.9 (2.0) 0.34 10.2
11 0.40 17.7 260 3 400 571 A 17.5 (1.0) 342 (21) 32.2(0.7) 0.49 322
12 0.40 17.7 260 12 100 37 C 4.6 (0.6) 1748 (85) 17.8 (0.6) 0.36 2.7
13 0.40 224 230 3 400 571 A 12.7(0.2) 514 (10) 46.4 (0.7) 1.49 31.7
14 0.40 224 230 12 100 37 C 55(0.1) 1504 (65) 17.4 (0.6) 0.90 3.8
15 0.40 224 260 3 100 143 B 7.5 (0.8) 812 (76) 17.2 (0.9) 0.50 10.3
16 0.40 224 260 12 400 148 B 8.9 (0.4) 728 (37) 31.8 (2.0) 1.01 11.6

* See Table I for the abbreviations of the control factors. DDR represents draw-down ratio, SST stress-strain type, (W, ,,) "
crystallographic order, and An birefringence. The data in brackets are the standard deviation of five repeated measurements.
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Figure 2 Typical stress-strain curves of PP fibers. Curve A:
a, —breaking point, S, —tenacity, E, —elongation to break.
Curves B and C: b, and ¢, ~yield points, b, and c, ~breaking
points.

RESULTS
Deformation behavior at a constant stretching rate

The stress-strain curves obtained for our PP filaments
present varying features, which can be broadly repre-
sented by curves A, B, and C, respectively, illustrated
schematically in Figure 2. Curve A represents homo-
geneous deformation,” and curves B and C represent
nonhomogeneous deformation. Curve C presents a
weaker feature than curve B, with a lower yield stress
(the stress at the yield point), lower tenacity, and
greater elongation. In the case of homogeneous defor-
mation, a steady increase in tensile force is required
for further stretching beyond the initial linear region
below about 10 cN tex ' in curve A, until the breaking
point, a,, is reached. The specific stress and elongation
at the breaking point afford the parameters, S,, and
elongation at break, E,, which are commonly used to
characterize filament strength and longitudinal defor-
mation capacity, respectively. At the breaking point,
a,, the tensile force declines sharply to zero, associated
with the complete breaking of all the filaments.

By contrast, nonhomogeneous deformation is char-
acterized by a yield point (by and ¢, in curves B and C,
respectively). On reaching the yield point, filament
diameter is reduced sharply and necking begins. Dur-
ing necking propagation, the filaments are elongated
under an essentially constant tensile force. After com-
pletion of the necking process, further stretching re-
quires increased tensile force again, until the breaking
point (b, and ¢, in curves B and C, respectively) is
reached. The breaking process of the filaments has
been found to be more gradual compared with fila-
ments that deform homogeneously. Indeed, the non-
homogeneously deforming filaments exhibit less
strength and higher elongation to break than the ho-
mogeneously deforming filaments.

The stress-strain curves of all the as-spun PP sam-
ples have been classified into three groups, as listed in
Table II under the heading SST (stress-strain types),
the three groups being represented by the letters A, B,
and C, respectively, corresponding to the three typical
curves in Figure 2. It can be seen clearly from Table II
that the types of stress-strain curve observed in the
original series are completely reproduced in the du-
plicate series. Further, the classification is closely cor-
related to the DDR data: type A curves were obtained
for high DDR (= 444), type B for medium DDR (in the
range 111-148), and type C for low DDR (= 37). There-
fore, draw-down ratio appears to exert a strong influ-
ence on the stress-strain behavior.

Effects of spinning factors

From the stress-strain curves, values for tenacity, elon-
gation to break, and specific secant modulus have
been obtained for all 32 samples, 16 from the original
series and 16 from the duplicate series. The data for
the three mechanical properties, as responses to the
process control factors, are listed in Table II. These
data were analyzed using effects plots, ANOVA, and
interaction plots.

Figure 3 shows the effects plots'! for the mechanical
properties of the two series. In such effects plots, the
response values (on the y-axis) are plotted as a func-
tion of factor levels for each factor displayed on the
x-axis, where the capital letters represent the individ-
ual processing factors and a block factor, and the
lower case letters represent interaction factors. The
block factor allows for the separation of the experi-
ments into two days. It is clear that in the original
series of trials (Fig. 3a), filament tenacity is signifi-
cantly influenced by three main factors: winding
speed, WS, metering pump speed, MPS, and the melt
flow index, MFI. In addition, two interactions in col-
umns b and h are relatively prominent. In the dupli-
cate series (Fig. 3b), the main factors, WS and MPS,
show similar prominence, but the effects of MFI and
the interactions in columns b and h appear somewhat
less prominent compared with those in the original
series. Elongation to break (Figs. 3c and 3d) is signif-
icantly influenced by two main factors, WS and MPS,
and one interaction in column b. The results from the
original (Fig. 3c) and duplicate (Fig. 3d) series are very
similar. In contrast, modulus (Fig. 3e) is markedly
influenced by a number of factors, including four
main factors: WS, MPS, MFI, and ST, and one interac-
tion in column b. These results are reproduced in the
duplicate series (Fig. 3f).

It is interesting to note that all three responses are
markedly influenced by the main factors, WS and
MPS. Tenacity and modulus are affected in the same
direction, and elongation is affected in the opposite
direction. Thus, a high level of WS and a low level of
MPS result in an increase in tenacity and specific
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Figure 3 Effects plots of tenacity (a and b), elongation to break (¢ and d), and specific secant modulus (e and f) for the
original (a, ¢, and e) and the duplicate (b, d, and f) series of trials.

secant modulus, but a reduction in elongation to
break. An increase in elongation requires a low level
of WS in combination with a high level of MPS. Al-
though in some cases the standard deviations of the
response data (Table II) are appreciable, the same
conclusions are reached separately from the two sets
of data. These effects are consistent with the qualita-
tive, direct observation of the types of stress-strain
curves, which are decisively influenced by DDR (as
shown in Table II). Another interesting point is the
general presence of interaction effects, which are dis-
cussed below. In addition, the block effects, assigned
to column BLOCK in Figure 3, are not significant for
any of the three mechanical properties in the original
and duplicate series. Thus, the separation of the ex-
perimental trials into two days did not contribute any
significant effects. Further analysis through Daniel’s
plots leads to essentially the same conclusions.®
Table IV shows the results of ANOVA. These results
reveal that WS and MPS, for which the probability P is
very small indeed for all three tensile properties studied,

are highly significant statistically at the commonly used
level of risk, a = 0.05. The effect of MFI is significant for
tenacity (P = 0.025-0.031) and specific secant modulus
(P = 0.003-0.018), but not significant for elongation to
break (P = 0.609-0.793). The effect of ST is significant for
modulus (P = 0.008-0.026), but not significant for tenac-
ity (P = 0.771-0.985) and apparently not significant for
elongation (P = 0.052-0.085). The interaction effect in
column b is significant for tenacity in the duplicate se-
ries, and for elongation and modulus in both series. The
interaction effect in column h is significant for tenacity in
both series, but for elongation only in the original series.
The main effects from HS, QAS, and SFS, are not signif-
icant for any of the three mechanical properties. Overall,
the ANOVA results are consistent with those from the
effects plots and Daniel’s plots.*®

Evaluation of interaction effects

As described above, some discrepancy between the
results from the original and duplicate series has been
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Figure 3 (Continued from the previous page)

observed concerning the statistical significance of
some factor effects. Further, the exact source of inter-
action effects cannot be identified because of the lim-
itation of the experimental design itself. Therefore, a
third, confirmatory series of spinning experiments
based on the results of the first two series has been
carried out under a new design to resolve these inde-
terminate cases. In the new design, a higher resolution
(Ievel V) has been used, in which the two-factor inter-
actions can all be individually identified.'* To achieve
the higher resolution, the factors QAS and SFS, were
omitted. Table III lists the experimental array and the
results obtained, together with the DDR data, SST
observed, degree of crystallographic order, (W, ,,) ",
and birefringence data, An. The significance of
(W,,,) " and An has been discussed in a previous
paper.'! The effects plots are shown in Figure 4. The
ANOVA results for both main and interaction effects
can be seen in Table V.

From the results of the third series, the following
points can be made. First, the two main factors, MPS
and WS, present highly significant effects on all three

mechanical properties. The dominant influence of
these two factors, as revealed in the original and du-
plicate series, is thus confirmed. Accordingly, DDR as
a function of these two factors does indeed exert a
decisive influence on the tensile behavior of the as-
spun PP fibers, as identified in the original and dupli-
cate series: high values of DDR (= 444) result in stress-
strain curves of type A without exception, medium
DDR (111-148) type B, and low DDR (= 37) type C.
Second, the effect of MFI on tenacity and specific
secant modulus is also highly significant (P = 0.003
and 0.016, respectively), but its effect on elongation to
break is not significant (P = 0.869). The effect of ST on
elongation is not significant (P = 0.233), nor is its effect
on tenacity (P = 0.119). Its effect on modulus, how-
ever, does appear significant (P = 0.041). The only
remaining effect, HS, is not significant for any of the
mechanical properties, in agreement with the results
from the first two series. Third, the series has con-
firmed the existence of significant interaction effects
and identified the exact sources. Among all ten two-
factor interactions involved in the design, MPS*WS is
significant for elongation and modulus, and MFI*WS
for tenacity.

The effect of MPS*WS on tenacity is intriguing. In
the third series of experimental trials, the P value
(0.437) suggests no statistical significance, whereas the
P values from the original (0.069) and duplicate (0.004)
series appear to show marginal lack of significance
and high significance, respectively. The relatively big
differences in P values from the three series may arise
from random error, or Type II error.”” (No human
error was involved in data entry and analysis, which
have been thoroughly checked.) It may also indicate a
complex interaction effect of the two factors on the
tenacity of as-spun PP fibers and, therefore, a definite
conclusion cannot be reached.

The directions of the significant interaction effects

Figure 5 displays the surface plots of the three signif-
icant interaction effects to determine their directions.
As can be seen from the figure, a surface plot is a
three-dimensional representation of the response (the
z dimension) as a function of the various combinations
of the interacting main factors (the x and y dimen-
sions). If an interaction between the main factors in-
volved is absent, the surface of the plot is a plane.
Significant interaction is manifest in the twist of the
surface.” It is evident from the figure that high tenac-
ity is associated with a low level of MFI and a high
level of WS (Fig. 5a); high elongation to break with a
high level of MPS and a low level of WS (Fig. 5b); and
high specific secant modulus with a low level of MPS
and a high level of WS (Fig. 5¢). Therefore, increase in
these responses is realized when the factors are altered
in these directions, and vice versa. The directions of all
three interaction effects are the same as those pre-
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TABLE IV
ANOVA Results for Tensile Properties*
DF SS MS
Source (a) (b) (a) (b) () (b) (@) (b)
Tenacity
HS 1 1 5.06 0.09 5.06 0.09 0.416 0.663
MFI 1 1 51.84 3.80 51.84 3.80 0.031 0.025
ST 1 1 0.00 0.04 0.00 0.04 0.985 0.771
MPS 1 1 146.41 56.25 146.41 56.25 0.003 0.000
QAS 1 1 7.84 0.42 7.84 0.42 0.319 0.360
SFS, 1 1 6.50 0.20 6.50 0.20 0.361 0.518
WS 1 1 278.89 118.81 278.89 118.81 0.001 0.000
b 1 1 32.49 9.00 32.49 9.00 0.069 0.004
h 1 1 49.00 3.42 49.00 342 0.035 0.030
Error 6 6 39.84 2.58 6.64 0.43
Total 15 15 617.88 194.62
Elongation
HS 1 1 22052 41923 22052 41923 0.076 0.079
MFI 1 1 361 2730 361 2730 0.793 0.609
ST 1 1 28056 39900 28056 39900 0.052 0.085
MPS 1 1 1262252 874693 1262252 874693 0.000 0.000
QAS 1 1 16641 10558 16641 10558 0.112 0.329
SFS, 1 1 2704 2889 2704 2889 0.481 0.599
WS 1 1 2159430 1463495 2159430 1463495 0.000 0.000
b 1 1 390000 304428 390000 304428 0.000 0.001
h 1 1 32041 40502 32041 40502 0.042 0.083
Error 6 6 28822 56168 4804 9361
Total 15 15 3942360 2837284
Modulus
HS 1 1 6.8 0.0 6.8 0.0 0.647 0.974
MFI 1 1 306.2 204.5 306.2 204.5 0.018 0.003
ST 1 1 249.6 138.1 249.6 138.1 0.026 0.008
MPS 1 1 665.6 306.3 665.6 306.3 0.003 0.001
QAS 1 1 65.6 6.5 65.6 6.5 0.184 0.426
SFS, 1 1 5.3 6.3 5.3 6.3 0.685 0.435
WS 1 1 1936.0 843.9 1936.0 843.9 0.000 0.000
b 1 1 627.5 277.2 627.5 277.2 0.004 0.001
h 1 1 0.7 3.1 0.7 3.1 0.880 0.579
Error 6 6 174.7 53.5 29.1 8.9
Total 15 15 4038.1 1839.3

* Data in columns (a) and (b) are from the original and duplicate series, respectively. DF - degrees of freedom; SS - sum of

squares; MS - mean square; P - probability.

sented by the related parameters as main factors (see
Fig. 4).

Optimization models

Bringing together the results and analysis of the three
series of spinning experiments, Table VI lists models
that specify the main factors and interaction factors
significantly influencing the mechanical properties,
and indicates the directions of factor change for opti-
mization of these mechanical responses. The models
of the structural properties, crystallographic order
(W4 )" and birefringence An, obtained from our pre-
vious paper,'! are also listed in Table VI, for the pur-
pose of discussion below. Increase in tenacity would
be achieved under conditions of low levels of MFI and
MPS and a high level of WS; increase in elongation to
break by a high level of MPS and a low level of WS;
increase in specific secant modulus by high levels of

MEFI and WS and low levels of ST and MPS. By con-
trast, reduction of the responses would be achieved
when the factor levels are changed in the opposite
directions. It should be noted that interactions, as well
as main effects, are included in these models.

DISCUSSION
Stress-strain curves

Depending on the spinning conditions, particularly
the extent of draw-down, as-spun filaments assume
different microscopic structures. With little or no
draw-down, a structure of agglomerated spheru-
lites'®'” is predominant. It is well established that
individual spherulites comprise stacks of lamellae,
composed of regularly folded chains,® along radial
directions. Moreover, the lamellae are linked by amor-
phous regions of tie molecules,”® which constitute a
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significant proportion of their overall mass. Within the
amorphous regions, attraction between polymer
chains is weak because of their random orientation
and the large mean distances between them. Fibers
with such a structure exhibit low tenacity, low specific
secant modulus, and high elongation to break, char-
acterized by a low yield stress and necking during the
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Figure 4 Effects plots of tenacity (a), elongation to break
(b), and specific secant modulus (c) for the third series of
trials.

TABLE V
ANOVA Results for Tensile Properties
of the Third Series*

Source DF SS MS P
Tenacity
HS 1 2.10 2.10 0.152
MFI 1 14.44 14.44 0.003
ST 1 2.56 2.56 0.119
MPS 1 56.25 56.25 0.000
WS 1 134.56 134.56 0.000
MFI*WS 1 9.92 9.92 0.009
MPS*WS 1 0.56 0.56 0.437
Error 8 6.72 0.84
Total 15 227.12
Elongation
HS 1 27143 27143 0.093
MFI 1 218 218 0.869
ST 1 12488 12488 0.233
MPS 1 1032764 1032764 0.000
WS 1 1668618 1668618 0.000
MEFI*WS 1 22127 22127 0.124
MPS*WS 1 347805 347805 0.000
Error 8 59939 7492
Total 15 3171101
Modulus
HS 1 7.43 7.43 0.537
MEFI 1 165.77 165.77 0.016
ST 1 105.58 105.58 0.041
MPS 1 195.30 195.30 0.011
WS 1 1100.58 1100.58 0.000
MEFI*WS 1 24.75 24.75 0.272
MPS*WS 1 107.64 107.64 0.039
Error 8 142.51 17.81
Total 15 1849.55

stress-strain curve, as shown by curve C, and to a
lesser extent by curve B in Figure 2. If draw-down is
more pronounced, the spherulitic structure is altered
progressively towards a microfibrillar structure,'*?*
comprising crystallites, amorphous regions of intrafi-
brillar tie molecules connecting the adjacent crystal-
lites, microfibrils, and extended noncrystalline regions
of interfibrillar tie molecules connecting adjacent mi-
crofibrils.'®* In the microfibrillar structure, crystallin-
ity is increased significantly, and both types of tie
molecule are more extended and aligned compared
with those in the spherulitic structure. The overall
result is a significant reduction in the mean distance
between polymer chains and a consequent increase in
intermolecular attraction. As-spun fibers produced at
higher draw-down assume structures closer to the
interfibrillar structure and hence exhibit higher tenac-
ity, higher specific secant modulus, and lower elonga-
tion to break. In the stress-strain curve, the yield point
and necking are both absent, as shown by curve A in
Figure 2.

Significant processing factors

The three series of results presented above have iden-
tified all the main factors and interaction factors that
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Figure 5 Surface plots for tenacity (a), elongation to break
(b), and specific secant modulus (c).

significantly affect tenacity, elongation to break, and
specific secant modulus. The directions of factor
change for optimizing these properties have also been
determined. The concise statistical models summariz-
ing these results (Table VI) enable as-spun PP fibers to
be tailor-made for specific technical requirements.
However, beyond the practical point of view of man-
ufacturing, interesting questions still arise: why do

YANG, MATHER, AND FOTHERINGHAM

these particular factors significantly influence some or
all of the mechanical properties, and what is the phys-
icochemical basis for the results? These questions are
important for improved understanding of the process-
property relationship and for further quantitative
modeling of the process.

This section of the paper attempts to resolve these
questions in terms of the microscopic structure and
the intermolecular forces governing the mechanical
behavior of the PP fibers. It is noteworthy (Table VI)
that elongation to break and overall PP chain orienta-
tion, as expressed by An, are significantly influenced
by identical factors, albeit in opposite directions.
Moreover, the individual processing parameters sig-
nificantly affecting specific secant modulus are the
same as those influencing crystallographic order, (W,
2)~!. No such direct relation with structural properties
is, however, evident for tenacity.

Filament tenacity

Filament tenacity is significantly influenced by three
main processing factors, WS, MPS, and MFI, and by
one interaction, MFI*WS. As noted above, an increase
in WS and a decrease in MPS both serve to increase
DDR. An increase in DDR facilitates strain-induced
crystallization, enhances the orientation of crystallites
and microfibrils, promotes extension and alignment of
tie molecules, and thus enhances overall orientation,
as revealed by the birefringence results’' (Table III).
The extension and alignment of tie molecules reduce
intermolecular distances and hence tend to augment
the overall strength of interaction between adjacent PP
chains. Filament tenacity is, therefore, increased.

The significant influence of melt flow index, MFI, on
fiber tenacity draws attention to the importance of the
grade of PP used. Although MFI is dependent on
several factors, including weight-average molar mass,
molar mass distributions, and any impurities present,
it is likely that, of the two grades used in this work, the
grade with the lower MFI possesses the longer poly-
mer chains.® Thus, an increase in average chain length,
which is associated with a reduced melt flow index,
MFI (L), increases the population of tie molecules,***
thereby promoting cohesion between the crystallites
and microfibrils present in the filaments. The in-
creased average length of molecular chains also in-
creases spin-line stress and hence facilitates the exten-
sion and orientation of the structural elements com-
prising each filament,” " with a consequent increase
in tenacity (Table VI). On the other hand, long molec-
ular chains are more inclined to entangle with one
another and are difficult to crystallize, a feature that is
detrimental to tensile strength.”® This effect can be
countered substantially by an increased winding
speed WS (H), which intensifies stretching and hence
alignment of molecular chains. Therefore, the interac-
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TABLE VI
Summary of the Major Models for PP Spinning Process
Physical Significant factors Statistical
characteristics Main factors Interaction factors P value models*
Tenacity WS 0.000 WS (H)
MPS 0.000 MPS (L)
MFI 0.003 MEFI (L)
MFI*WS 0.009
Elongation WS 0.000 WS (L)
MPS 0.000 MPS (H)
MPS*WS 0.000
Modulus WS 0.000 WS (H)
MPS 0.001 MPS (L)
MFI 0.003 MEFI (H)
ST 0.026 ST (L)
MPS*WS 0.001
Wy ) WS 0.002 WS (H)
MPS 0.038 MPS (L)
MFI 0.000 MEFI (H)
ST 0.009 ST (L)
An WS 0.000 WS (H)
MPS 0.000 MPS (L)
MPS*WS 0.000

* Letters H and L in brackets represent high and low levels of the control parameters, respectively, for increasing the

responses.

tion MFI (L)*WS (H) will lead to an increase in tenac-
ity.

Elongation to break

The opposite effect of WS and MPS on elongation to
break compared with that on tenacity (Table VI) can
also be accounted for by the increased structural align-
ment and intermolecular attraction achieved through
an increased DDR. A high degree of draw-down re-
sults in a high degree of extension of molecular chains
and orientation of other structural units,” which en-
hances filament tenacity but reduces the capacity for
further longitudinal deformation during testing. Con-
versely, a reduction in DDR decreases the overall ori-
entation and increases the elongation to break. The
interaction, MPS*WS, acts in the same directions as the
two main factors individually and can be explained in
the same way.

Specific secant modulus

The effects of processing factors on specific secant
modulus can, we suggest, be largely rationalized in
terms of the degree of crystallographic order,® as de-
termined by (W, ,)"". In a crystallized state, the mo-
lecular chains are held tightly in the lattice and any
relative movement beyond that allowed by equilib-
rium vibration is difficult owing to significant lattice

energy. Further, the movement of molecular chains
immediately surrounding the crystalline lamellae in a
spherulitic structure or the crystallites in a microfibril-
lar structure is more restricted compared with those in
a completely amorphous surrounding; many of these
molecules are partly incorporated into the lamellae or
crystallites and are held more closely to one another.
Therefore, an increase in the crystallographic order
contributes most effectively to filament stiffness, as
measured by specific secant modulus. This accounts
for the observation that the same factors, WS, MPS,
MFI, and ST, which significantly influence specific
secant modulus also influence crystallographic order
in the same directions (Table VI). Specifically, an in-
crease in DDR, resulting from a combination of in-
creased winding speed WS (H) and decreased meter-
ing pump speed MPS (L), promotes “orientation in-
duced crystallization,” and hence an increase in
modulus. Shorter molecular chains, associated with a
high level of MFI (H), are easier to stretch, align, and
pack into a crystal lattice owing to a smaller degree of
entanglement, and are favorable for crystallization.”> A
reduced spinning temperature ST (L) lowers the inter-
nal energy of the system, which lessens the thermal
motion of the molecular chains. This, in turn, facili-
tates polymer crystallization and hence also results in
an increase in specific secant modulus and crystallo-
graphic order.
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It is noteworthy (Table VI) that the interaction
MPS*WS appears significant for specific secant mod-
ulus but not for crystallographic order, (W, ,,) "
However, it can also be noted that the effect from MPS
itself, as a main factor, appears decidedly more signif-
icant on modulus (P = 0.001) than on crystallographic
order (P = 0.038) at a level of confidence, @ = 0.05.
Factors with weaker main effects are normally less
likely to be involved in significant interaction effects.

CONCLUSIONS

The tenacity, elongation to break, and specific secant
modulus of as-spun PP filaments have been studied as
functions of spinning conditions using a comprehen-
sive statistical approach. The approach comprises a
one-step overall design of the experiment and system-
atic statistical analysis of the results, leading to concise
models for optimization. The property-processing re-
lationships established have been rationalized
through correlation with microscopic structure, in
terms of crystallographic order and overall orienta-
tion, which have been described previously."' Results
from the three series of experiments serve to confirm
that the structure and properties are decisively influ-
enced by draw-down ratio (DDR) of the spinning
process, reflecting the effects from winding speed and
metering pump speed as main factors and, impor-
tantly, also through their interaction. Specifically, te-
nacity is influenced by DDR in the same way as over-
all orientation, but is dependent too on the grade of PP
raw material. Specific secant modulus and crystallo-
graphic order are affected in the same manner by melt
flow index and spinning temperature, in addition to
DDR. Using the same experimental conditions, elon-
gation to break varies in the opposite direction com-
pared with tenacity. Significant interaction effects are
generally present for all three responses.

An increase in the responses can be achieved under
conditions of WS (H), MPS (L), and MFI (L) for tenac-
ity; WS (L) and MPS (H) for elongation to break; and
WS (H), MPS (L), MFI (H), and ST (L) for specific
secant modulus. A reduction in the responses is
achieved when the control parameters are changed in
the opposite directions.

The results clearly demonstrate that the statistical
approach is well suited to the development of syn-
thetic fiber process technology, efficiently leading to
more reliable and accurate results based on a small
number of experiments. The systematic processing-
structure-property correlation established through the
statistical approach offers a real possibility of control-
ling mechanical properties of fiber filaments through
modification of microscopic structure via process tech-
nology. Wide use of the statistical approach in fiber
engineering would hence be beneficial.
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