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Synopsis

The zone-annealing method was utilized to prepare a high-modulus and high-strength fiber from
isotactic polypropylene. The dynamic storage modulus at room temperature of the fiber obtained
reached 21 X 10'® dyn/cm?, which corresponded to 51% of the crystal modulus along the molecular
chains, 41.2 X 101° dyn/cm?.  The relationships between mechanical properties and superstructure
were investigated based on results of measurements of orientation, crystallinity, tensile properties,
and dynamic viscoelasticity. It was found that the excellent mechanical properties were directly
attributed to the large number of tie molecules and to the high orientation of the amorphous chains.
Further, the characteristics of this method were discussed compared with the results obtained by
other investigators.

~

INTRODUCTION

Research on the preparation of fibers or films with high modulus and high
strength have been very actively carried out with considerable interest in the
relationships between superstructure and mechanical properties. A variety of
techniques, such as superdrawing,!:2 high pressure extrusion,3-> spinning of fibers
from liquid crystals® or flowing polymer solutions,’ gel-state spinning,® and hot
drawing.?

The authors have also proposed a new method termed the “zone-annealing
method”.’® The method has so far been applied to poly(ethylene terephthal-
ate),19-15 nylon 6,10-12,16-20 and polyethylene!!-122! and clearly has a remarkable
effect on improving the mechanical properties of these polymers.

In this paper, we wish to report on the results of the application of this method
to isotactic polypropylene.

EXPERIMENTAL

Material

The original material used in this study was as-spun isotactic polypropylene
fiber of about 0.5 mm diameter supplied by Mitsubishi Rayon Co. The fiber
has a birefringence of 2.4 X 103, a crystallinity of 57.9%, M,, = 8.17 X 104, and

M, =4.75 X 105.
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Zone Drawing and Zone Annealing

The procedure of the zone-annealing method consists of two stages of zone
drawing and zone annealing. The zone drawing was done in order to fully arrange
the molecular chains, whereas the zone annealing was subsequently carried out
to crystallize the fibers in a bundle state. The apparatus used in the present
study was the usual tensile tester partially reconstructed. A band heater 2 mm
in width was attached to a movable crosshead. The upper end of the fiber was
fixed, and the desired high tension was then applied to the fiber by weighting.
The band heater was held at a suitable temperature and then was moved up or
down along the fiber axis at a desirable speed.

At first the zone drawing and zone annealing were carried out only once, under
conditions which will be described later. However, one-step procedures still
seem to be insufficient to extend and arrange the molecular chains. The as-spun
isotactic polypropylene fiber has a high crystallinity (57.9%) and contains a large
number of lamellae. In order to more effectively unfold the lamellae, therefore,
it is necessary to repeat the zone drawing and zone annealing. As will be shown
later, the zone drawing was repeated five times and the zone annealing 12 times
under suitable conditions. In this study, these multistep zone-drawing and
zone-annealing processes are abbreviated as MZD and MZA. In contrast to this,
one-step procedures are indicated by 1ZD and 1ZA.

Measurements

The tensile properties were measured at 23-25°C, RH 65%, on a monofilament
20 mm long. Young’s modulus, the tensile strength, and the elongation at break
were estimated from the stress—strain curves. The dynamic viscoelastic prop-
erties, storage modulus E’, loss modulus E”, and loss tangent tan 6 were measured
at 110 Hz. The measurements were carried out in two temperature ranges: from
0°C to 130°C and from 0°C to —130°C. The higher temperature measurements
were performed at a heating rate of 2°C/min in a stream of dry air. The lower
temperature measurements were done at a cooling rate of 2°C/min in a stream
of dry air cooled with liquid nitrogen.

The birefringence was measured with a polarizing microscope equipped with
Berek’s compensator. The density was measured at 25°C by a flotation method
using water—-methyl alcohol mixtures. The crystallinity was calculated from
the density by the usual method using a crystal density?2 of 0.936 and an amor-
phous region density?? of 0.850 g/cm3.

The orientation factor of crystallites, f., was determined by X-ray diffraction.
The bundle of fibers was placed on a fiber holder mounted in the usual X-ray
diffractometer. The measurements of reflection intensity in the radial direction
were made at intervals of 1° or 10° from the equator to the meridian. The in-
tensities obtained were corrected for polarization, absorption, background noise,
and incoherent scattering. Further, the amorphous contribution and the
overlapping components arising from the adjacent crystal planes were separated
from the corrected intensities according to Kawai’s procedure.23 An example
is shown in Figure 1. From the azimuthal intensity distributions thus obtained,
the orientation factors of normals of the (110) and (040) planes, f119 and fo40, Were
evaluated by the usual method.24 Further, by substituting the values of f119and
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Fig. 1. An example of the separation of crystalline and amorphous X-ray scattering intensities.
(a) Separation of amorphous contribution from the total X-ray scattering intensity. The shaded
part indicates the amorphous contribution. (b) Separation of the crystalline contribution into those
of the (110), (040), and (130) crystal planes.

foo into the following equation, the orientation factor of crystallites f, was cal-
culated:

_ 2(f110 €08 2¥040 — fos0 €08 2¥110)
cos 2¥110 — €08 2¥/p40
where {110 and Y4 are the angles between the b axis and the normals of the (110)
and (040) planes.
The orientation factor of the amorphous chains f, was calculated from the
following equation by substituting the values of crystallinity (X.), birefringence
(A;), and f, measured separately.

fe

At — X f A?
(1 - Xc)Ag

where A% and AY are the intrinsic birefringences of the crystal?5 and the amor-
phous phase,2® 0.0331 and 0:0468, respectively.

fa =

RESULTS AND DISCUSSION

Determination of Suitable Conditions

In the zone-annealing method, a variety of variables ranging from molecular
weight, its distribution, and processing history of the original fiber, to heating
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method and structure of the heater may be considered. The search for fully
satisfactory conditions, therefore, seems almost hopelessly complicated. In the
present study, we have concentrated on the temperature and moving speed of
the heater, the tension applied on the fiber, and the number of repetitions of zone
drawing and zone annealing, as done in the previous studies.10-14:17,20,21

A large number of preliminary experiments were performed. Table I shows
examples of preliminary experiments for zone drawing. The purpose of zone
drawing is to obtain a highly oriented fiber. However, if the drawing temperature
is too high, crystallization occurs at the same time, whereas if the tension is too
high, whitening or severance of the fiber occurs. In Table I, the relationships
among the temperature of the heater, the tension applied on the fiber, and the
draw ratio of the drawn fiber are shown, which were obtained at a heater moving
speed of 40 mm/min.

When the temperature or tension was too low, the fiber could not be drawn,
whereas when these were too high, the necking portion was out of the heater.
From Table I, it is found that the highest draw ratio is realized at a drawing
temperature of 70°C under a tension of about 2 kg/mm2. Similarly, the most
suitable conditions for zone annealing were determined to be a temperature of
130°C and a tension of about 12 kg/mm?2.

Furthermore, the multistep procedure was attempted. The zone drawing was
repeated five times gradually increasing the tension from 1.59 to 15.9 kg/mm?
at 70°C with a heater moving speed of 40 mm/min. The zone annealing was also
repeated six times under two tensions of 10.5 and 20.0 kg/mm?, respectively. By
adopting such a multistep procedure, the tension applicable to the fibers in-
creased remarkably, i.e., from 2.08 to 11.9 kg/mm? for zone drawing and from
15.9 to 20.0 kg/mm? for zone annealing. These conditions are summarized in
Table II.

Tensile Properties

Table III shows Young’s modulus, tensile strength, and elongation at break
of the fibers prepared by the one-step procedure and the multistep procedure.
Young’s modulus increases rapidly by zone drawing and zone annealing in both
procedures. In particular, the values increase threefold over those of the zone-
drawn fibers by zone annealing. It is also found that the tensile properties of
the fibers prepared by the multistep procedure are definitely superior to those

TABLE 1
Effects of Heater-Temperature and Applied Tension at Zone-Drawing on Draw Ratio (Times)?

Tension Heater temperature (°C)

(kg/mm?) 40 50 60 70 ) 80 90 100
0.72 XXX XXX XXX XXX XXX XXX 3.7
0.96 XXX XXX XXX XXX 3.6 3.9 4.4
1.20 XXX XXX XXX 4.0 4.3 4.4 49
1.44 XXX XXX 3.8 4.2 4.7 5.2 .-
1.68 XXX 3.7 4.4 4.9 5.2 .-

1.92 --- 4.6 5.3 5.8 --- .- .-
2.16

a (xxx).Unstretching; (- - -) cold drawing at the outside of heating zone.
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TABLE II
Most Suitable Conditions for Zone Drawing and Zone Annealing
MZDP MZA4
Conditions 1ZD=2 (1) (2) 3) (4) (5) 1ZAc (1-6) (7-12)

Temp of heating zone (°C) 70 70 130 130
Moving speed of heater

(mm/min) 40 40 20 20
Tension applied to fiber

(kg/mm?) 208 159 735 9.80 121 159 119 105 20.0
Repetition (times) 1 1 1 1 1 1 1 6 6

81ZD: 1-step zone drawing.
bMZD: multistep zone drawing.
¢1ZA: 1-step zone annealing.
dMZA: multistep zone annealing.

by the one-step procedure. The maximum value of Young’s modulus, 17.2 X
10° dyn/cm?, is 2.9-3.3 times that of commercially available fibers, 5.2-6.0 X
101° dyn/cm?2.

On the other hand, the maximum value of tensile strength is 75.8 kg/mm?,
which is far higher than that of the commercial fiber, 40-48 kg/mm2. Because
all of the fibers were invariably broken at the portions near the clamps on testing,
we expect that the real strength value will be much higher.

Dynamic Viscoelastic Properties

Figures 2 and 3 show the temperature dependence of the dynamic storage
modulus E’ in the higher and lower temperature ranges, respectively. The E’
value is still low in the zone-drawing stage but is rapidly increased by zone an-
nealing over all the temperature ranges.26 Also the multistep procedure can be
said to be definitely superior to the one-step procedure for increasing the mod-
ulus. The maximum value at room temperature reaches 21 X 1010 dyn/cm2,
which corresponds to 51% of the crystal modulus, 41.2 X 101% dyn/cm?, which
was measured using X-ray reflection of the (003) crystal plane by Sakurada et
al.?2? In addition, the fiber which was prepared by the multistep procedure ex-

TABLE III
Tensile Properties of Original Fiber, Zone-Drawn Fibers, and Zone-Annealed Fibers

Strength Elongation

Young’s modulus at break at break
Sample (X 10710 dyn/cm?) (kg/mm?2) (%)
Original fiber 0.91 — -
Zone-drawn fiber 1ZDa 3.82 38.1 36.3
MZDb 5.57 46.2 29.8
Zone-annealed fiber 1ZD-1ZAc 12.60 59.5 8.7
MZD-MZAd 17.20 75.8 8.8

81ZD: 1-step zone drawing.

b MZD: multistep zone drawing.

¢1ZD-1ZA: 1-step zone annealing after 1ZD.

d MZD-MZA: multistep zone annealing after MZD.
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Fig. 2. Temperature dependence of the dynamic storage modulus E’ in the higher temperature

range for the five kinds of fibers: (- - - -) original fiber; (a) 1ZD; (aA) MZD; (@) 1ZD-1ZA; (0)
MZD-MZA.

hibits a high E’ value even at high temperatures: for example, 5 X 1010 dyn/cm?
at 130°C.

In the lower temperature range, we could not observe any isolated dispersion
peak. However, in the higher temperature range, two dispersion peaks appeared
at about 8°C and in the vicinity of 80°C, as seen in Figure 4. The lower tem-
perature peak corresponds to the «, dispersion, whereas the higher temperature
peak represents the «. dispersion. The intensities of the peaks increase step
by step in the order of the original fiber, the zone-drawn fiber, and the zone-
annealed fiber. In particular, the o, peak grows rapidly and shifts to higher
temperatures. Since this behavior means an increase in quantity and an im-
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Fig. 3. Temperature dependence of the dynamic storage modulus E” in the lower temperature
range for the five kinds of fibers: (- - - -) original fiber; (A) 1ZD; (A) MZD; (@) 1ZD-1ZA; (0)
MZD-MZA.
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Fig. 4. Temperature dependence of the loss modulus E” in the higher temperature range for the
five kinds of fibers: (- - - -) original fiber; (a) 1ZD; (a) MZD; (®) 1ZD-1ZA; (O0) MZD-MZA.

provement in quality, respectively, it can be considered that the multistep
zone-annealed fiber contains numerous high-quality crystallites. This suggestion
is also based on the results of DSC measurement. In the same order, the melting
peak becomes steeper and shifts to higher temperatures. Comparison of the
melting points is shown in Table IV. We think that, in the higher temperature
range, the crystallites prevent movement and relaxation of the amorphous chains
and contribute directly to maintenance of the high modulus.

Orientation and Crystallinity

To elucidate the relationships between the mechanical properties and the
superstructure in each stage, the orientation and crystallinity were examined.
Figure 5 shows the X-ray Laue photographs, while Table V lists the birefringence
(A;), the orientation factors (f. and f,), and the crystallinity (X.) for the five
kinds of fibers.

Compared with the data on mechanical properties in Table IV or Figures 2
and 3, it is found that these superstructural factors are arranged in the same order
of increasing magnitude as obtained for the modulus and the tensile strength.

TABLE IV
Melting Point of Original Fiber, Zone-Drawn Fibers, and Zone-Annealed Fibers
Sample Melting point (°C)
Original fiber 160.0
Zone-drawn fiber 1ZD2 161.5
MZDPb 161.5
Zone-annealed fiber 1ZD-1ZAc¢ 163.0
MZD-MZA4 164.0

8 1ZD: 1-step zone drawing.

b MZD: multistep zone-drawing.

¢1ZD-1ZA: 1-step zone annealing after 1ZD.

d MZD-MZA: multistep zone annealing after MZD.
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Original fiber
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1ZD-1ZA MZD-MZA
Fig. 5. X-ray Laue photographs of the five kinds of fibers.

When examined in further detail, it is found that f, easily reaches a very high
value by zone drawing but increases only slightly by zone annealing. Also, the
increment in increase in the X, is small. In contrast to f. and X, f, increases
steadily with the processing and is proportional to Young’s modulus and the E”.
This fact suggests that the increase in f, contributes greatly to the improvement
in mechanical properties.

Estimation of Amorphous Modulus and Number and Fraction of Tie
Molecules

As noted in the previous papers,141517.21 if the crystalline region is not com-
pletely continuous along the fiber axis, the amorphous region which has a lower
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TABLE V
Birefringence (A;), Orientation Factors of Crystallites and Amorphous Chains (f, and f,), and
Crystallinity (X.) of Original Fiber, Zone-Drawn Fibers, and Zone-Annealed Fibers

Sample A, X 103 fe fa X,
Original fiber 24 — — 57.9
Zone-drawn fiber 1ZDa 304 0.970 0.605 54.8
MZD? 31.5 0.985 0.634 59.5

Zone-annealed fiber 1ZD-1ZAc¢ 34.0 0.988 0.825 62.2
MZD-MZA4 36.9 0.990 0.957 65.6

281ZD: 1-step zone drawing.

b MZD: multistep zone drawing.

¢1ZD-1ZA: 1-step zone annealing after 1ZD.

d MZD-MZA: multistep zone annealing after MZD.

modulus has a more pronounced influence on the mechanical properties of the
semicrystalline polymer materials. Therefore, we again estimated the amor-
phous modulus (E,) and the number and fraction of the tie molecules [(1 —
X)E|/E.; and Bg], using the same procedure as that the previous
papers.15.18-21

The values obtained are shown in Table VI. All of these values vary in pro-
portion to the moduli and tensile strength. This strongly suggests that the in-
crease 1n tie molecules results in an increase in E,, and further the increase in
E, leads to a distinct improvement in the mechanical properties. This inter-
pretation is identical to those previously obtained for the other
polymers.15:18-21

In Table VII, these values are compared for the four kinds of polymers. From
the results, the following differences can be seen. First, the isotactic polypro-
pylene fiber has the largest quantity of tie molecules. The amorphous modulus,
nevertheless, is significantly smaller than that of polyethylene. This suggests
that the herical conformation of the molecular chains promotes unfolding of the
lamellae because of the weak intermolecular force but is not simultaneously ef-
fective in producing a high modulus, compared with the planar zigzag confor-
mation of polyethylene molecular chains. However, because the crystal modulus
is also small, the extent of approach of the attainable modulus to the crystal

TABLE VI
Amorphous Modulus (E,), Number and Fraction of Tie Molecules [(1 — X )E|/E. and 8g] of
Original Fiber, Zone-Drawn Fibers, and Zone-Annealed Fibers]

E

Sample (X 10710 dyn/cm?2) (1 - X )E/E. Be
Original fiber 0.38 0.012 0.027
Zone-drawn fiber 1ZD2 1.73 0.050 0.111
MZDPb 2.50 0.066 0.162
Zone-annealed fiber 1ZD-1ZA¢ 6.36 0.142 0.376
MZD-MZA4 8.82 0.172 0.501

a1ZD: 1-step zone drawing.

b MZD: multistep zone drawing.

¢1ZD-1ZA: 1-step zone annealing after 1ZD.

d MZD-MZA: multistep zone annealing after MZD.
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TABLE VII
Comparisons of Amorphous Modulus (E,) Number and Fraction of Tie Molecules [(1 — X.)E}/
E_j and Bg] in Four Kinds of Semicrystalline Polymers

E

a
Polymer (X 10-10 dyn/cm2) (1-X.)/E|/E, Be
Nylon 6 5.6 0.034 0.067
PET 8.7 0.072 0.180
PE 15.9 0.056 0.223
it-PP 8.8 0.172 0.501

modulus, 51%, becomes markedly higher than that of polyethylene, 23%, because
of the effect of the tie molecules.

Comparison with Maximum Modulus Values Reported by Other
Investigators

In the case of isotactic polypropylene, also, many techniques for preparing
high modulus and high strength materials have so far been reported.?8-3%> Table
VIII shows the proposed techniques and the maximum modulus values obtained
at room temperature. Values above 20 X 101° dyn/cm? have been reported by
Taylor and Clark33 and Coates and Ward.35

Taylor and Clark33 prepared an isotactic polypropylene fiber with a high
modulus of 22 X 1019 dyn/cm? by a two-step drawing process. The method
consists of two stages. In the first stage, an unoriented extruded billet is rapidly
drawn in a natural draw ratio of about sevenfold in hot sillicon oil. In the second
stage, the fiber is drawn at a very low speed of 4%/min and at a carefully con-
trolled temperature of 130°C up to 25-fold.

On the other hand, Coates and Ward3> examined the die-drawing technique.
By using an extended nose, they obtained a product with Young’s modulus up
t0 20.6 X 1010 dyn/cm? by die drawing of Ry = 7 and 15 mm die at 110°C. The
draw ratio was about 20-fold.

By the zone-annealing method, we obtained a room temperature dynamic
modulus of 21 X 101° dyn/cm?2 comparable to these values, despite the simple
apparatus, the easy procedure, the relatively high speed, and the fairly low draw
ratio of about 12-fold. Further, our method may be repeated and continuously

TABLE VIII
Comparison of Maximum Modulus Values Reported by Various Investigators

Maximum modulus

Investigator Method (X 107? dyn/cm?)
Noether and Singleton?8 (1964) Multistep drawing 14
Sheehan and Cole2® (1964) Hot drawing 10
Williams30 (1973) Hydrostatic extrusion 17
Desper3! (1973) Hot drawing 16
Cansfield, Capaccio, and Ward32 (1976)  Super drawing 19
Taylor and Clark33 (1978) Two-step drawing 22
Kamezawa et al. (1979) Zone drawing 15
Coates and Ward3% (1979) Die drawing 20.6
Kunugi et al.2 (1982) Zone annealing 21

2 The present paper and Ref. 26.
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operated under a series of tensions and speeds. Recently, we obtained a still
higher modulus of 23.1 X 1010 dyn/cm? by “zone melting” at a far higher tem-
perature of 180°C and at a lower speed of 2 mm/min. The fiber also exhibited
a tensile strength of 116.7 kg/mm?, a birefringence of 37.1 X 1073, and a crys-
tallinity of 71.2%. These details will be reported in the near future.
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