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ABSTRACT: Structure, morphology, and mechanical properties of melt-spun and postdrawn isotactic
polypropylene (iPP) tapes are analyzed to study the effect of postdraw temperature applied. For affine
drawing conditions, i.e., no effective relaxation of the molecules occurs during postdrawing, the Young’s
modulus is uniquely determined by the applied draw ratio. Only above a certain postdrawing temperature,
the tensile modulus starts to decrease, indicating the onset of a nonaffine deformation, i.e., the occurrence
of effective molecular relaxation during postdrawing. However, the overall mechanical behavior strongly
depends on the postdrawing temperature used. For fixed draw ratios, a significant drop in yield stress
can be observed with decreasing drawing temperature. Structural and morphological characterization
indicates that, beside affine and nonaffine drawing regimes, mainly formation of the mesomorphic phase
during solid-state drawing yields to the different mechanical behavior.

Introduction

The influence of various processing parameter and
material characteristics on the mechanical properties
of isotactic polypropylene (iPP) fibers or tapes has been
reported extensively in the literature. It is commonly
concluded that the tensile modulus depends uniquely
on the applied draw ratio, as long as molecular relax-
ation can be avoided, i.e., for an affine deformation.1,2

Moreover, it is emphasized in some studies that for an
affine deformation the temperature in the drawing stage
has no influence on the overall mechanical behavior of
iPP.1 However, in another study we have presented
results which make the latter conclusion questionable.3

We have shown that the stiffness of samples depends
only on the draw ratio used and is independent of the
drawing temperature, which still is in accordance with
the Irvine-Smith model for an affine deformation.2 In
contrast, yield stress and elongation at break are
strongly influenced by the drawing temperature used.
For a fixed draw ratio, a significant drop in yield stress
can be observed with lowering the drawing temperature.
This difference in mechanical behavior can be explained
by drawing temperature-dependent variations of the
samples crystal structures and morphologies. The main
feature in this respect is the formation of the mesomor-
phic phase at low drawing temperatures.4-10

In the present study, the effect of postdrawing tem-
perature on structure, morphology, and mechanical
properties of melt-spun isotactic polypropylene tapes
will be discussed. For this reason, solid-state postdrawn
tapes were characterized using mechanical tensile tests,
density, wide-angle X-ray, transmission electron mi-
croscopy, and shrinkage measurements to correlate

thermal effects on mechanical properties with changes
in structure and morphology.

Experimental Section

Tapes have been produced from three different isotactic
polypropylene materials, kindly supplied by Montell (PLZ-937;
now Basell) and DSM (X-7284 and 110E30SF). The material
characteristics are summarized in Table 1.

At Lankhorst/Indutech, The Netherlands, tapes were pre-
pared on a melt spinning and solid-state drawing line consist-
ing of extruder, nozzle, water bath (18 °C), godet, hot air oven
with a length of ∼3 m, and winder. Godet and winder are rolls
independent adjustable with different rotation speeds defining
the input speed of the polymer fiber or tape in the oven and
the output speed from the oven, respectively. For each mate-
rial, the extruder conditions were optimized independently,
but for a particular grade the extruder setup for all drawing
experiments was identical. The postdraw ratio (λPDR) within
the oven was determined by the ratio of the winder speed to
the godet speed. For the samples studied, the godet speed was
kept constant at 8 m/min. Different postdraw ratios were
obtained by adjusting the velocity of the winder. All other
processing parameters were kept constant. In the oven the
tape was postdrawn at various temperatures ranging from 40
to 200 °C.

Additional heat treatment experiments have been performed
on postdrawn tapes. For this, constrained as well as uncon-
strained tapes were annealed at 120 °C for 1 h. For the
unconstrained samples, the decrease in length was calculated
in percentage of the original length using the following
equation:
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Table 1. Weight-Average Molar Mass (Mw), Molar Mass
Distribution (Mw/Mn), and Melt Flow Index (MFI; ISO

1133: T ) 230 °C and m ) 2.16 kg) of the iPP Materials
Used in This Study

Mw [kg/mol] Mw/Mn MFI [deg/min]

PLZ-937 500 5.6 1
X-7284 280 5.8 13
110E30SF 225 5.8 25

x (%) )
l - l0

l0
× 100% (1)
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l0 and l are initial sample length and sample length after heat
treatment, respectively.

Mechanical properties of the tapes were measured at room
temperature with a tensile tester equipped with an extensom-
eter, force reducing clamps, and a load cell of 500 N. The
tensile tests were carried out with tapes of initial gauge length
of 150 mm and at a crosshead speed of 150 mm/min. Force-
elongation curves were recorded on a central section of the
tapes with a length of 50 mm. A preload of about 0.5 N was
applied on the samples. A set of 10 tensile tests was performed
on each tape.

To relate the tensile force to the cross-section area, thickness
and width of the tapes were measured. The thickness was
determined with a twin-check layer thickness instrument
using a magnetic-inductive method and a conventional me-
chanical thickness measurement device. Both instruments had
a relative accuracy of about 1%. The width was measured with
a magnifying glass equipped with a scale bar. For both
dimensions, the average of 20 independent measurements,
spread over a tape length of 20 m, was taken as the repre-
sentative value.

The density of the tapes was measured at room temperature
using a density gradient column. The column had a density
gradient from 880 to 930 kg/m3 and was prepared using
distilled water and isopropyl alcohol according to the method
described by Tung and Taylor.11 The samples were allowed to
seek their equilibrium position in the column for ∼6 h. From
the density measurements the mass crystallinity index Xc was
calculated by using the following equation:12,13

F represents the measured density of the tape, Fc ) 938 kg/m3

is the density of the crystal phase, and Fa ) 854 kg/m3 is the
density of amorphous isotactic polypropylene.

DSC measurements were performed on X-7284 tapes post-
drawn to λ ) 5 at 60 °C. A Perkin-Elmer DSC-7 differential
scanning calorimeter was used, which was calibrated with zinc
and indium as standards. The samples were held at 10 °C for
2 min and subsequently heated to 210 °C at a rate of 10 °C/
min.

Wide-angle X-ray diffraction (WAXD) patterns were re-
corded on a transmission pinhole camera with an exposure
time of 3 h. A Philips PW-1120 X-ray generator working at 40
kV and 30 mA produced the X-rays. The Cu KR radiation had
an average wavelength of 1.542 Å, while the Cu Kâ radiation
was eliminated by a Ni filter. The 2D X-ray patterns were
transformed into one dimensional plots by performing integra-
tion along the azimuthal angle. Afterward, the integrated plot
was used to determine the position of the peak maximum of
each reflection. At this particular angle, the azimuthal inten-
sity distribution was measured in the 2D pattern. The full
width half-maximum (fwhm) of the obtained intensity distri-
bution pattern was calculated as a normalized measure for
the arc length of the reflection.

For transmission electron microscopy (TEM) some tapes
were stained with ruthenium tetraoxide (RuO4).14,15 Thin cross
sections of these samples were prepared with a cryo ultra-
microtom (Reichert Jung Ultracut E) and transferred on copper
TEM grids. Investigation of the samples was performed using
a JEOL 2000FX, operated at 80 kV in order to enhance
contrast.

Results
Effect of Postdrawing Temperature on Mechan-

ical Properties. In the present part of our study, the
influence of postdrawing temperature on the overall
mechanical behavior is illustrated. Figure 1 shows
stress-strain curves of X-7284 tapes postdrawn to λPDR
) 5 as obtained by tensile tests. The postdrawing
temperature influences the overall mechanical proper-
ties of the tapes. This behavior is a general feature,

which can also be observed for different postdraw ratios
(Figure 2) and other iPP grades (Figure 3).

From the presented tensile test data, a significant
influence of postdrawing temperature on the overall
mechanical behavior can be seen. The tensile modulus
of the postdrawn tapes remains constant up to a certain
postdrawing temperature. Above this temperature, the
stiffness of the tape decreases steeply with further
increased postdrawing temperature. In Figure 4, the
dependence of the tensile modulus on the postdrawing
temperature is illustrated for X-7284 tapes with λPDR

Figure 1. Stress-strain curves of (X-7284) tapes postdrawn
to λPDR ) 5 as obtained by tensile tests performed at room
temperature. 8:40 reflects the ratio of godet speed (8 m/min)
to winder speed (40 m/min). Drawing temperatures as indi-
cated in the Figure.

Figure 2. Stress-strain curves of (X-7284) tapes postdrawn
to (a) λPDR ) 4 and (b) λPDR ) 7. The postdrawing temperatures
are indicated in the figure.

Xc )
Fc

F ( F - Fa

Fc - Fa
) × 100 (%) (2)
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) 5 and λPDR ) 7. The tensile modulus of the tape with
λPDR ) 5 remains constant at about 5.6 GPa up to
postdrawing temperatures of about 120 °C. At higher
temperatures, the tensile modulus decreases and reaches
a value of about 3.1 GPa at a postdrawing temperature
of 200 °C. At low postdrawing temperatures, the tapes
with λPDR ) 7 possess a plateau modulus of about 8 GPa,
which also decreases at higher drawing temperatures,
to about 3.2 GPa for the tape postdrawn at 200 °C.

From Figure 4, two different deformation regimes can
be distinguished. The constant tensile modulus at low
drawing temperatures indicates an affine deformation;
i.e., no effective relaxation of the molecules occurs
during postdrawing. Above a certain postdrawing tem-
perature, the tensile modulus starts to decrease indicat-

ing the onset of a nonaffine deformation, i.e., the
occurrence of effective molecular relaxation during
postdrawing. The trend line sketched in Figure 4 may
suggest a shift of the onset of the nonaffine deformation
regime toward higher postdrawing temperatures with
increasing postdraw ratio.

While the tensile modulus is independent of drawing
temperature in the affine deformation regime, a strong
dependence of the overall mechanical behavior can be
found in both the affine and the nonaffine deformation
regimes. Figure 5 shows the development of the yield
stress as a function of postdrawing temperature for
X-7284 tapes with λPDR ) 4. The sketched error bars
indicate the excellent reproducibility of the tensile
measurements and, therefore, the remarkable homo-
geneity of the tapes.

Even in the affine deformation regime, the applied
postdrawing temperature strongly affects the yield
stress, increasing from about 200 MPa (for 60 °C) to
about 260 MPa for the tape postdrawn at 120 °C. This
behavior can be clearly seen, e.g., in the stress-strain
curves of both the X-7284 tape with λPDR ) 4 postdrawn
at 40 °C (Figure 2a) and the PLZ-937 tape with λPDR )
5 (Figure 3a) postdrawn at 80 °C. The steady increase
in yield stress continues in the nonaffine deformation
regime to about 280 MPa for a postdrawing temperature
of 160 °C, followed by a steep decrease to about 215 MPa
for the tape postdrawn at 200 °C. Figure 6 shows the
dependence of the elongation at the yield point on the
postdrawing temperature. The small error bars again
indicate the excellent reproducibility of the tensile test
experiments. It can be seen that elongation at yield

Figure 3. Stress-strain curves of (a) (PLZ-937)-tapes and
(b) (110E30SF) tapes postdrawn to λPDR ) 5 and λPDR ) 6,
respectively. The drawing temperatures are indicated in the
figure.

Figure 4. Tensile modulus as a function of the temperature
applied in the postdrawing stage.

Figure 5. Yield stress in dependence on the temperature
applied in the postdrawing stage.

Figure 6. Elongation at yield point in dependence on the
temperature applied in the postdrawing stage.
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point steadily increases with postdrawing temperature
from about 15% at 60 °C to about 22% at 160 °C,
followed by a steep increase to about 48% at 200 °C.

To examine whether the observed influence of post-
drawing temperature on the overall mechanical behav-
ior depends on sample geometry, additional tensile tests
were performed on postdrawn iPP fibers. The mechan-
ical behavior of the fibers is not as uniform as the
behavior of the tapes; i.e., there is a larger spread in
the stress-elongation curves. However, a similar de-
pendence of the overall mechanical behavior on the
postdrawing temperature used could be observed, which
excludes restrictions on sample geometry (results not
shown).

Influence of Postdrawing Temperature on Struc-
ture and Morphology. In this section, we describe the
influence of postdrawing temperature used on structure
and morphology of postdrawn tapes. The results are
illustrated for X-7284 tapes with λPDR ) 5. Figure 7
shows the influence of the postdrawing temperature
used on the density of the tapes. The density increases
almost linearly with increasing postdrawing tempera-
ture from about 894 kg/m3 at 60 °C to about 911 kg/m3

at 200 °C. Considering a two-phase model (crystalline
and amorphous phase), the increase in density results
from an increase in mass crystallinity with increasing
postdrawing temperature. As indicated in Figure 7, the
calculated mass crystallinity (open circles) increases
from about 49.5% at 60 °C to about 69% at 200 °C
postdrawing temperature. These are not absolute values
since the density of the oriented (and constrained)
amorphous phase in postdrawn tapes is expected to be
higher than in the isotropic state; i.e., the values only
illustrate a trend. Further, at low postdrawing temper-
atures, a mesomorphic phase may also exist, possessing
an intermediate density. The mesomorphic phase may
be induced by a partial transformation of crystalline and
amorphous phases during postdrawing. The meso-
morphic phase has a higher density (Fmeso ≈ 880 kg/m3)16

than the amorphous phase (Famorph ) 854 kg/m3), but a
lower density than the crystalline phase (Fcryst ) 938
kg/m3). The dependence of density on the postdrawing
temperature used becomes more complex since the
amount of the mesomorphic to alpha phase transforma-
tion depends again on the postdrawing temperature.
Therefore, the main emphasis is on the increase in
density with increasing postdrawing temperature, re-
gardless of the mechanism involved.

Wide-angle X-ray scattering studies were performed
to obtain information about the orientation of the crystal
phase with respect to the drawing direction. Figure 8
shows diffraction patterns for various postdrawing

temperatures. Sharp reflections indicate a fiber pattern
for all tapes. At low postdrawing temperatures the (110),
(040), and (130) peaks as well as the (111) and (131)/
(041) peaks are blurred. At higher drawing tempera-
tures, the individual peaks are clearly distinguishable.
This suggests a decreasing radial peak width with
increasing postdrawing temperature. Since the radial
peak width is inversely proportional to the size and/or
perfection of the crystal, the fwhm of the radial width
of the (110) reflection was determined. In Figure 9, the
inverse of the determined fwhm value is shown as a
function of the postdrawing temperature. The value
increases steady with increasing postdrawing temper-
ature. This indicates an increasing coherence of the
crystals in the (110) direction with increasing postdraw-
ing temperature, i.e., a lateral growth and/or perfection
of the crystals. However, apart from the increase in
lateral dimensions, the crystal size also increases along
the c-direction with increasing postdrawing tempera-
ture. This can be seen from the transmission electron
microscopy images presented in Figure 10. In the bright
field TEM images brighter areas correspond to crystals
surrounded by the dark because of the stained amor-
phous phase.

Figure 7. Density (and crystallinity) as a function of the
postdrawing temperature for (X-7284) tapes with λPDR ) 5.

Figure 8. Wide-angle X-ray diffraction patterns of (X-7284)
tapes postdrawn to λPDR ) 5 at postdrawing temperatures of
(a) 60, (b) 120, and (c) 200 °C.

Figure 9. Inverse fwhm of the radial width of the (110)
reflection as a function of the postdrawing temperature.
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The area shown in the TEM image of Figure 10a
indicates that postdrawing at 60 °C results in formation
of small crystal blocks. The size of the crystals increases
with increasing postdrawing temperature; moreover, the
parallel alignment of the crystals can be clearly observed
for the tape drawn at 120 °C (Figure 10b). At a
postdrawing temperature of 200 °C (Figure 10c), the
crystals possess maximum size in both lateral and
transversal directions. The alignment of the crystals is
less ordered than at 120 °C.

From the X-ray diffraction patterns of Figure 8, it can
be seen that the arc lengths of the diffraction peaks
increase with increasing postdrawing temperature. The
arc length reflects the breadth of the orientation dis-
tribution of the crystals, i.e., the fwhm of the arc length
is inversely proportional to the average orientation of
the crystals with respect to the drawing direction. The

inverse fwhm of the arc length was determined for the
(110), (040), and (130) as well as the “(hkl)” reflections
to quantify the average orientation of the crystal phase.
The indices “hkl” summarize (111) and (131)/(041)
reflections, which are blurred and not distinguishable
at low postdrawing temperatures. The dependence of
the fwhm values on the postdrawing temperature used
is shown in Figure 11.

The inverse fwhm values, determined from the dif-
ferent reflections, are coherent with each other and
follow the same trend. It can be seen that the average
orientation of the crystals with respect to the drawing
direction decreases slightly in the temperature range
from 60 to 160 °C, followed by a steep decrease at higher
postdrawing temperatures. At these temperatures (180
and 200 °C), additional (110)H reflections in the meridi-
onal direction appear in the diffraction pattern (Figure
8), indicating homoepitaxial crystal growth.

Additional wide-angle X-ray scattering studies have
been performed on tapes annealed at 120 °C for 1 h.
Figure 12 shows the inverse fwhm of the arc length for
the (110), (040), and (130) as well as the “(hkl)” reflec-
tions. The heat treatment was carried out on con-
strained (open symbols) and unconstrained (light gray
symbols) tapes. For comparison, the data obtained from
the initial tape are included (black symbols).

Comparing the inverse arc length fwhm values of the
initial tape with the data for the annealed samples, it
can be seen that heat treatment improves the alignment
of the crystals with respect to the drawing direction,
especially for tapes postdrawn at low temperatures.
Figure 13 illustrates the influence of the additional heat
treatment on the radial width of the (110) reflection.

Figure 10. TEM images of the (X-7284) tapes postdrawn to
λPDR ) 5 at (a) 60, (b) 120, and (c) 200 °C.

Figure 11. Inverse fwhm of the arc length of the indicated
reflections in dependence on the applied postdrawing temper-
ature.

Figure 12. Inverse fwhm of the arc length of the indicated
reflections in dependence to the initially applied postdrawing
temperature.
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The inverse of the fwhm value of the radial width is
shown as a function of the initial postdrawing temper-
ature, indicating the size and/or perfection of the
crystals. Again, the data obtained from the initial tapes
are included for comparison.

Comparing the data of the initial tapes with the data
of annealed samples, it can be seen that the heat
treatment improves also the size and/or perfection of
the crystals in the (110) direction. The most significant
changes are observable for tapes initially postdrawn at
low temperatures. Figure 14 shows the diffraction
patterns of the tape postdrawn at 60 °C. It is clearly
recognizable that the reflections become sharper after
heat treatment. Both the arc length and the radial
width of the peaks decrease. It is, however, remarkable
that the effect of heat treatment is the same for both
constrained and unconstrained annealing of the tapes.

For unconstrained tapes, we have determined the
dependence of the shrinkage of the postdrawn tapes on
postdrawing temperature. In Figure 15, each cross
represents an individual measurement, and the open
squares represent the average of individual measure-
ments. The measured shrinkage is small for all tapes.
In the postdrawing temperature range from 60 to 160
°C the shrinkage varies from 6.4% at 80 °C to 5.4% at
160 °C, followed by a decrease to about 3.7% for the tape
postdrawn at 200 °C.

Indications for the Formation of Mesomorphic
Phase upon Postdrawing. Solid-state deformation of
iPP may result in partial transformation of both amor-
phous and crystalline phases into the so-called meso-
morphic phase. The amount of the induced mesomorphic
phase depends on applied deformation temperature and
drawing conditions.

Additional DSC and wide-angle X-ray scattering
studies were performed to identify the presence of

mesomorphic phase in postdrawn tapes. Figure 16
shows a DSC trace of a X-7284 tape solid state post-
drawn at 60 °C to λPDR ) 5. As reported elsewhere,8,17,18

the presence of mesomorphic phase is indicated in the
DSC trace by a small endothermic peak in the temper-
ature range 40-80 °C (proposed melting of the meso-
morphic phase), followed by an exothermic peak (re-
crystallization into R-crystals), which can, however, be
blurred with the onset of the overall melting peak of
iPP. In the DSC trace, the endothermic peak at 40-80
°C is clearly visible. However, we did not analyze the
dependence of the amount of mesomorphic phase on the
applied postdrawing temperature, since it is rather
delicate to quantify the area of this small peak.

Another indication for the presence of mesomorphic
phase in the sample can be found in the wide-angle
X-ray diffraction patterns. Performing integration along
the azimuthal angle, the 2-dimensional X-ray patterns
are transformed into 1-dimensional plots. As reported
by Saraf and Porter,10 the (110) and (040) peaks shift
closer together in the 1-dimensional plot if the meso-
morphic phase is present. Figure 18 shows the positions
of the maxima of the (110) and (040) peaks of the
postdrawn tapes as a function of the postdrawing
temperature. In accordance with literature, the decreas-
ing distance between the positions of the maximum of
the (110) and the (040) peaks indicates the presence of
the mesomorphic phase in, at least, the tapes postdrawn
at 60 and 80 °C, respectively.

Figure 13. Inverse fwhm of the radial width of the (110)
reflection as a function of the initially applied postdrawing
temperature.

Figure 14. Diffraction patterns of the (X-7284) tape drawn
to λPDR ) 5 at 60 °C: (a) original tape; (b) annealed for 1 h at
120 °C (constrained); (c) annealed for 1 h at 120 °C (uncon-
strained).

Figure 15. Shrinkage in percentage of the initial sample
length as a function of the postdrawing temperature.

Figure 16. Magnification of the DSC trace of the (X-7284)
tape solid-state postdrawn (λPDR ) 5) at 60 °C.
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Discussion
In the Results section, it was shown that overall

mechanical properties as well as structure and mor-
phology of melt-spun and subsequently solid-state post-
drawn iPP tapes (and fibers) depend strongly on the
temperature of the postdrawing stage. We now intro-
duce a model to explain the observed structure-
processing-property relations.

Before postdrawing in the oven, all tapes possess the
same morphology consisting of somewhat oriented
lamella crystals embedded in a slightly oriented amor-
phous matrix. (The predrawing ratio λPRE induced by
the extrusion process was determined to be about 1.6.)
Subsequently, the tape is deformed in the oven. For this,
stress has to be applied on the tape. In the beginning,
the deformation induces mainly stretching of the amor-
phous phase. At low postdrawing temperatures (below
the R-relaxation temperature), the molecular mobility
in the crystals is too low for effective relaxation pro-
cesses on the time scale of the deformation process. This
results in an affine deformation. The applied stress can
be effectively transferred via the amorphous phase into
the crystalline phase, resulting in shearing and final
fragmentation of the lamellae into small crystal blocks.
The constrained amorphous phase ensures a high
orientation of the obtained crystal blocks with respect
to the drawing direction. Moreover, the described pro-
cessing conditions are favorable for the formation of the
mesomorphic phase, which can be interpreted as an
imperfect crystal structure. The low mobility of the
polymer chains at low postdrawing temperatures hin-
ders an effective reorganization to perfect crystals. It
can be concluded that at low postdrawing temperatures
the morphology consists of small and imperfect crystals
kept highly oriented by the constrained amorphous
phase.

The high mobility of the polymer chains at elevated
postdrawing temperatures allows easy destruction of the
crystals and after reorganization their perfection and
growth. Even homoepitaxial crystal growing can be
observed at high drawing temperatures (180 and 200
°C). However, immediate relaxation of the amorphous
phase before complete consolidation of the crystal phase
results in a reduced orientation of the crystal phase with
respect to the drawing direction.

The described change in morphology explains the
observed dependence of mechanical properties on the
postdrawing temperature. As mentioned, at low post-
drawing temperatures (up to ∼120 °C), the chain
mobility in the polymer is too low for effective relaxation
processes on the time scale of the deformation process
(affine deformation). In accordance with the Irvine-

Smith model, the tensile modulus is uniquely deter-
mined by the applied postdraw ratio and remains
constant (Figure 4). This indicates that the samples
have the same average molecular orientation, indepen-
dent of the postdrawing temperature. At higher drawing
temperatures, the chain mobility increases and relax-
ation processes become more and more dominant during
postdrawing. Consequently, a lower molecular orienta-
tion is induced upon deformation, resulting in the
observed decrease of the tensile modulus.

The described changes in morphology can also explain
the dependence of yield stress and elongation at yield
on the applied postdrawing temperature. The yield point
reflects the onset of crystal deformation upon drawing
of the sample. The stress at which deformation of the
crystals occurs increases with increasing strength of the
intra- and interchain interactions in the crystal. For a
particular crystal, the number of interactions (van der
Waals bonds) increases with the crystal length in the
c-direction. The intensity of the interactions depends on
the distances between chains in the crystal, which again
is affected by the perfection of the crystals in lateral
dimensions. Additionally, a high degree and narrow
distribution of the crystal orientation are essential to
obtain high yield stresses, since this ensures that the
individual crystals start to deform simultaneously at a
certain extent of elongation.

At low postdrawing temperatures, the deformation
process causes a partial transformation of monoclinic
R-crystals into mesomorphic phase. The formation of
mesomorphic phase facilitates the subsequent deforma-
tion of the sample; i.e., the yield stress decreases in a
tensile test. Evidence for the formation of mesomorphic
phase arises from DSC (Figure 16) as well as X-ray
measurements (Figure 17). With increasing postdrawing
temperature the amount of mesomorphic phase de-
creases. Moreover, the enhanced mobility of the polymer
chains enables an improvement of existing crystals in
both perfection and size. The enhanced coherence in
lateral dimension can be seen from the steady increas-
ing 1/fwhm values of the radial width of (110) reflections
with increasing postdrawing temperature (Figure 8).
TEM images (Figure 10) show the increase of the crystal
thickness in the c-direction. Moreover, the degree of
crystal orientation decreases only slightly with increas-
ing postdrawing temperature up to temperatures of
about 160 °C (Figure 11). Consequently, increasing size
of the crystals with increasing drawing temperature
leads to the observed increase in yield stress (Figure
5).

However, at higher drawing temperatures, chain
relaxation during deformation becomes dominant so
that the orientation of both amorphous and crystalline
phases drops significantly. The decline in orientation
of the amorphous phase can be seen from the shrinkage
experiment (Figure 15). The amount of shrinkage
remains almost constant for tapes postdrawn at tem-
peratures up to 160 °C, while significantly lower shrink-
age can be observed for the samples drawn at 180 and
200 °C. The shrinkage results primary from a contrac-
tion of the amorphous phase caused by entropic forces,
which increase with the extension of the polymer chains.
Consequently, the lower shrinkage at 180 and 200 °C
suggests that the amorphous phase is already relaxed
and consequently less oriented than at lower drawing
temperatures.

Figure 17. Position of the maxima of the (110) and (040)
peaks as a function of the applied postdrawing temperature.
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The decline in orientation of the crystalline phase is
reflected by the significant drop in the 1/fwhm values
of the arc length of the wide-angle X-ray reflections
(Figure 11). Because of broader orientation distribution
of the crystals with respect to the drawing direction, the
crystals are not deformed simultaneously, since the ease
of shear deformation depends on the angle of the
crystals with respect to the drawing direction. This leads
to the observed drop in yield stress for tapes postdrawn
at 180 and 200 °C. The steep increase in elongation at
yield results from the low extension of the amorphous
phase. Upon drawing the sample in the tensile test, the
amorphous phase can be extended before the deforma-
tion of the crystals starts.

Finally, the results of annealing experiments (Figures
12-15) are considered. It is rather surprising that the
effect of heat treatment is the same in both constrained
samples and unconstrained samples. Moreover, the low
extent of shrinkage of the unconstrained tapes is also
remarkable. These observations suggest that shrinkage
of the unconstrained tapes is hindered by the morphol-
ogy of the postdrawn tapes. A morphology which guar-
antees such behavior is based on crystals forming a
“brick stone” structure. The crystal network keeps the
amorphous phase constrained and therefore reduces the
overall shrinkage.

The observed increase in both crystal orientation and
crystal size and/or perfection results from melting of
most imperfect and less oriented crystals and subse-
quent recrystallization, in which more perfect and
higher oriented crystals act as nuclei. Since the anneal-
ing temperature is well above the transition tempera-
ture, the recrystallization process includes also the
transformation of existing mesophase into R-crystals,
leading again to a perfection of the crystal structure.

Conclusions
It can be concluded that two different drawing re-

gimes have to be distinguished. In the affine deforma-
tion regime, the tensile modulus is independent of the
postdrawing temperature used. But the stiffness de-
creases with increasing postdrawing temperature in the
nonaffine deformation regime. In contrast, the drawing
temperature strongly affects the overall mechanical
behavior of samples in both the affine deformation
regime and the nonaffine deformation regime. Lowering
the postdrawing temperature within the affine deforma-
tion regime results in a drop in yield stress.

The effect of the postdrawing temperature used on
the mechanical properties as well as on structure and
morphology of solid-state drawn isotactic polypropylene
has been described and discussed. For a constant
postdraw ratio, samples can be prepared possessing
either high stiffness in combination with superior
drawability/energy absorption (lowest possible post-
drawing temperature, formation of mesomorphic phase)

or a high stiffness in combination with high strength
(highest postdrawing temperature in the affine defor-
mation regime). The observed dependence of the me-
chanical behavior of the postdrawn tapes on the drawing
temperature used can be explained by changes in their
structure and morphology. These changes are displayed
by differences in density, crystallinity and/or phase
composition, crystal size and/or perfection, and orienta-
tion of crystal and amorphous phase. At low postdraw-
ing temperatures, the morphology consists of small and
imperfect crystals kept highly oriented by the con-
strained amorphous phase. DSC and X-ray experiments
indicate the presence of the mesomorphic crystal phase
of polypropylene. At high postdrawing temperatures, the
crystals are large and more perfect but also less oriented
with respect to the drawing direction. Moreover, an-
nealing experiments suggest that crystals form a net-
work, which constrains the amorphous phases and
reduces its relaxation at elevated temperatures.
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