Polymer Journal, Vol. 11, No. 5, pp 383—390 (1979)

Plastic Deformation of Oriented Lamellae. II.
Hot Rolling of -Phase Isotactic Polypropylene
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ABSTRACT: Isotactic polypropylene was crystallized under temperature gradient and an
oriented B-phase sample was obtained. The -phase film was rolled in three orthogonal directions at
68,96, 122, and 142°C. The deformation behavior was investigated by wide angle and small angle X-
ray diffraction methods. Anisotropy in deformation was observed in each case, including the rotation
of lamellae, interlamellar slip, longitudinal and transversal chain slip. At high temperatures, the
deformation proceeded mainly by interlamellar slip whereas chain slip could hardly be observed.
During the hot roll deformation, the original f-phase crystal was destroyed and then recrystallized
into the c-axis-oriented a-phase crystal. The amount of the f—a phase transition increased with
increasing rolling temperature and draw-ratio. The spacing of the newly appeared a-phase lamellae
changed, depending only on the rolling temperature. The final c-axis-oriented texture was composed
of a-phase crystals. From these results, it is considered that the deformation proceeds, not by
incorporation of the original lamellar blocks, but through the melting or unfolding of the original -

phase lamellae and subsequent recrystallization into the c-axis-oriented a-phase lamellae.
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In a previous paper, the structural change during
cold rolling of oriented S-phase isotactic polypro-
pylene was reported.’ The oriented S-phase sample
was crystallized from the melt under temperature
gradient (“Seto method”).? The study of these
samples helped greatly to interpret the anisotropic
character of lamellar deformation because of their
crystalline orientation. Also, when the f-phase crys-
tals (hexagonal lattice) are destroyed or melted, they
recrystallized into the more thermally stable a-phase
crystal (monoclinic lattice). Thus, it is easy to
estimate by X-ray diffraction methods the degree of
destruction of the f-phase crystals during defor-
mation. The previous paper showed that defor-
mation takes place by rotation of lamellae, in-
terlamellar slip, longitudinal and transversal chain
slip, and also that the f-phase crystals are destroyed
during deformation and that the final c-axis-oriented
texture is composed of a-phase crystals.

In general, the deformation mechanism of poly-
mers changes with temperature because of the chan-
ge in the plasticity of the sample. Several papers

have reported the effect of temperature on plastic
deformation, showing that temperature influences
the attainable draw ratio, the transparency of the
drawn material, the long period and intensity obser-
ved in the small angle X-ray diffraction pattern,
etc.3 7% In the case of isotactic polypropylene B-phase
crystals, it is also expected that the deformation
mechanism changes with the temperature. Though
the c-axis-oriented f-phase crystal could not be
observed in the cold rolling experiment, it may be
that the ff-phase crystal can be incorporated into the
final c-axis-oriented texture at higher temperatures.
Thus, the deformation of isotactic polypropylene f-
phase crystals by hot rolling was studied at tempera-
tures of 68, 96, 122, and 142°C, by wide angle X-ray
scattering (WAXS) and small angle X-ray scattering
(SAXS).

STARTING MATERIAL

An oriented $-phase sample film was made from a
commercial isotactic polypropylene sheet given from
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Figure 1. Ribbon-like lamellae and three rolling direc-
tions, and definition of Cartesian coordinates relative to a
sample plate.

Chisso Co. Ltd. The sample sheet was moved slowly
(about 0.5 mm/h) under temperature gradient. In a
previous paper,! the oriented growth method was
reported and also, the orientation of the isotactic
polypropylene B-phase crystal, schematically shown
in Figure 1. In the sample film, ribbon-like lamellae
grew along the crystallizing direction (the lamellar
axis). The crystalline a-axis was parallel to this
direction, and the c-axis was always perpendicular to
it and rotated helically around it. Accordingly, this
sample was almost the same as the one cut out from a
B-phase spherulite along its radius.

The average measured density of the p-phase
sample was 0.900. The fraction of crystals in the
sample was obtained from the measured density by
the expression,

x.=d(d—d,y)/d(d. — dyy)
where, d is the measured density, d,,, is the amor-
phous density (0.858 g/cm?), and d, is the crystal
density (0.921 g/cm®).® The average calculated crys-
tallinity of the sample was 68%;, which is nearly the
same as that observed by Samuels, et al., from the f-
phase spherulites (72%).6

EXPERIMENTAL

Cartesian coordinates are designated in the sample
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film, as shown in Figure 1. The X-axis is per-
pendicular to the film surface, the Y-axis parallel to
the film surface and perpendicular to the lamellar
axis and the Z-axis is parallel to the lamellar axis.
These axes will also be used without change follow-
ing the deformation.

Samples were rolled in the following three ways.

A-roll: Roll plane parallel to YZ plane and roll
direction parallel to Y-axis.

B-roll: Roll plane parallel to YZ plane and roll
direction parallel to Z-axis.

C-roll: Roll plane parallel to XY 'plane and roll

direction parallel to X-axis.

The original film thickness was about 250 um in
the case of the A- and B-rolls, but in the case of the C-
roll, strips of about 250um in height were cut out
parallel to the XY plane from the original film of 800-
um thick, and these strips were subjected to rolling.

The rolling deformation was carried out at tem-
peratures of 68, 96, 122, and 142°C. The results
obtained by the cold rolling were compared. The
rolling temperature was measured directly by the
thermocouple inserted into the polymer film placed
between temperature controlled rollers. The diam-
eter of the rollers was 7.5cm. The sample film was
deformed by repeated rolling, gradually narrowing
the gap until desired draw ratio was attained. The
rolling speed was about 1 mm/s. Draw ratio A was
measured by the change of length between marks
made beforehand in the original sample. X-ray
patterns with the incident X-ray beam parallel to X-,
Y-, and Z-axes were denoted as X-, Y-, and Z-
patterns, respectively. All X-ray photographs were
taken at room temperature in the unclamped state
after rolling. The pinhole diameters of the WAXS
and SAXS cameras were 0.2 and 0.3 mm, respec-
tively. The camera distance of the former was 30 mm
and that of the latter, 360 mm. Rigaku RU3 ap-
paratus was used as the X-ray source.

RESULTS

A-Roll Deformation

WAXS Z-patterns of the samples A-rolled at 68,
96, 122, and 142°C are shown in Figure 2. The draw
ratio of each of these samples is about 3. Prior to the
roll deformation, the S-phase (300) reflection of the
Z-pattern is a uniform ring, representing the uniform
distribution of the c-axis around the Z-axis. In the
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Figure 2. WAXS Z-patterns of the samples A-rolled at various temperatures: a, at 20°C, 1=3.2; b, at 68°C,
A=2.8;c,at96°C, 1=3.0;d, at 122°C, 1=3.0; ¢, at 142°C, 1=3.0. The roll direction (Y-axis) is vertical.
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Figure 3. Definition of 6, and ¢, in the A-roll
deformation.

case of the rolling deformation of A=3.2 at room
temperature, the f-phase (300) reflection shows four
arcs near the equator (Figure 2a). This pattern was
analysed in the previous paper, and it was shown that
the c-axis is inclined by 25° from the Y-axis as a result
of interlamellar slip and chain slip. In the A-roll
deformation at room temperature, both lamellar and
chain orientations change mostly in the XY plane,
and so consequently, mainly the SAXS and WAXS
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Z-patterns have been investigated. In the case of hot
roll deformation, the SAXS and WAXS Z-patterns
are also very important for examining lamellar and
chain orientation.

In Figure 2, it is seen that the intensity of the f-
phase (300) reflection decreases with increasing
temperature. This fact indicates that, at nearly the
same stage of deformation (1~3), the p-phase
crystallites are destroyed more easily at a higher
temperature. The angle between the c-axis and the
roll direction (Y-axis) can be measured from the
orientation of the (300) reflection. As shown in
Figure 3, this angle is denoted as 0,. The results are
shown in Table I, where 0, increases with rolling
temperature. The c-axis of the f-phase crystal ap-
proaches a position parallel to the rolling direction at
lower temperatures, but even at room temperature, it
makes 25° with the Y-axis. With increasing rolling
temperature, the c-axis approaches a position per-
pendicular to the rolling direction. The c-axis-
orientation of the f-phase crystal can not be obser-
ved within temperature range of this experiment.

There is a diffuse peak on the equator of Figure 2a,
which originated from imperfect a-phase micro-
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Table I. Values of 6, and ¢, as a function
of rolling temperature
Roll temp, i 04, s Da—04,
°C degree  degree  degree
20 3.2 25 75 50
68 2.8 27 70 43
96 3.0 40 73 33
122 3.0 60 78 18
142 3.0 70 — —

crystallites formed during the roll deformation at
room temperature. At elevated temperatures, several
crystalline reflections analyzed as 4kO reflections of
the a-phase crystal can be observed on the equator.
These reflections appear in the course of rolling
deformation, and their intensity increases with the
rolling temperature. As a result of examining the X-,
Y-, and Z-patterns for each sample, the a-phase
crystal is seen to have a so-called c-axis-orientation
with the c-axis parallel to the rolling direction (Y-
axis). At 142°C, however, the a-phase (110) arc also
appears near the meridian, which seems to arise from
the difference in crystalline orientation. There are
several papers on the meridional (110) reflection
which is considered to originate from the a*-axis-
oriented a-phase crystallites.”®

In the SAXS Z-patterns observed in hot roll
deformation of 1~ 3, the diagonal reflections from
the p-phase lamellae grew weaker with increasing
roll temperature, but they could be observed up to
122°C. The angle ¢4, which is the angle between the
B-phase lamellar normal and the roll direction as
shown in Figure 3, was observed from diagonal spots
of the SAXS Z-pattern. As shown in Table I, ¢, is
about 70-80° for all observable temperatures.
Accordingly, the angle ¢,—0,, representing the in-
clination of c-axis in the f-phase lamella, decreases
with rolling temperature. At 142°C, the angle ¢,
could not be measured since no diagonal spots were
seen in the SAXS pattern; but supposing it to be the
same as that observed at other temperatures, ¢,—0,
will become nearly zero.

The above results show that, at lower roll tempera-
tures, the c-axis of the S-phase crystal is tilted within
the lamellae as shown in Figure 4a. At higher
temperatures, the deformation proceeds mainly by
interlamellar slip, and tilt deformation hardly oc-
curs, as shown in Figure 4b. It is speculated that in
the case of deformation at higher temperatures, the
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non-crystalline part surrounding the crystalline la-
mellae becomes soft, and the lamellae are easily
rotated by interlamellar slip. On the other hand, the
lamellae themselves are apt to be destroyed because
of the enhanced partial melting. Accordingly, the
lamellae are destroyed before chain slip deformation
takes place.

During hot roll deformation, new reflections ap-
pear on the meridian of the SAXS Z-pattern, whose
intensity increases with increasing roll temperature
in the same manner as the WAXS a-phase re-
flections. Long spacing estimated from SAXS me-
ridional reflections increases with increasing rolling
temperature as shown in Table II. The long spacings,
measured from the samples rolled at room tempera-
ture and subsequently annealed at 100 and 120°C,
show good agreement with those obtained from hot
rolled samples at 96 and 122°C, respectively. From
these facts, it is considered that the a-phase lamellae
are formed during hot roll deformation and that the
lamellar thickness changes with the rolling
temperature.

To clarify the deformation process during hot
rollings, SAXS and WAXS Z-patterns during the A-
roll deformation at 142°C are shown in Figure 5 at
three stages of . At A=1.3, the SAXS diffraction
becomes weak on the meridional direction and
maximum intensity is observed on the diagonal
position (about +45° from the Y-axis). A cor-
responding WAXS Z-pattern at A=1.3 shows that
the a-phase (300) reflection becomes weak on the
equatorial direction and that there are several weak
diffraction arcs from a-phase crystallites.

At 1=2.0, new peaks appear on the SAXS me-

$-6a

X

Figure 4. Schematic diagram showing both lamellar
and chain orientation. a: at lower temperature; the f-
phase c-axis is tilted within the lamella. b: at higher
temperature; the f-phase c-axis is parallel to the lamellar
normal.

Polymer J., Vol. 11, No. 5, 1979



Plastic Deformation of Oriented Lamellae. II.

Table II. Long spacing of a-phase lamellae
Roll temp, Long spacing,
°C
20° 130~ 140
20° 170
68 120~ 140
96 150
122 180
142 250

2 The sample was rolled at 20°C and thereafter annealed
under tension for 2h at 100°C.

b The sample was rolled at 20°C and thereafter annealed
under tension for 2h at 120°C.

ridian whereas the diagonal spots from fS-phase
lamellae grow weaker than those observed at A=1.3.
The diagonal spots seem to lie on the ellipsoid. At
2=3.0, no SAXS diagonal reflections are observed,
whereas meridional reflections grow stronger. In the
WAXS pattern at A=2.0, several a-phase hk0 dif-
fraction arcs are seen near the equator indicating
that the c-axis of the a-phase crystallites is nearly
parallel to the roll direction (Y-axis). On the other
hand, diffractions from f-phase (300) planes make
arcs spreading between +45° from the meridian. At
A=3.0, these arcs change to weak peaks near the
meridian showing that the angle between the -phase

WAXS

SAXS

c-axis and X-axis is 70° as analysed in Table I. The
intensity of the B-phase (300) peaks decreases with
increasing A. On the other hand, the strong a-phase
(110) peaks at 1=3.0 show that the degree of the c-
axis-orientation increases with increasing A. These
results indicate that the SAXS meridional peak
originated from the a-phase lamellae.

WAXS results at 142°C show that during the hot
roll deformation, f-phase crystallites are destroyed
and then transformed into c-axis-oriented a-phase
crystallites. These results are similar to those obser-
ved in the cold roll deformation. The p-phase
reflection of SAXS Z-pattern changes from a homo-
geneous ring at 4=1.0 to diagonal four arcs at
A=1.3, and then to elliptical four points at 1=2.0.
This change shows the same tendency in the lamellar
deformation mechanism observed in the cold rolling
deformation; ie., in the original specimen, the
lamellar normal is distributed homogeneously
around *he Z-axis. At the first stage of the defor-
mation, rotation of lamellae occurs until almost all
the lamellae are inclined at about +45° to the roll
direction. The second stage of deformation proceeds
by interlamellar slip and the angle ¢, consequently
increases as observed at 1=2.0.

In the case of cold rolling, the SAXS meridional
reflections appeared when the rolled sample was
annealed under tension. In the case of hot rolling at

Figure 5. SAXS and WAXS Z-patterns from the sample A-rolled at 142°C: a, 1=1.3; b, 1=2.0; ¢, A=3.0.

The roll direction (Y-axis) is vertical.
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142°C, these reflections appear during the defor-
mation, showing that hot rolling has both defor-
mation and annealing effects.

B-Roll Deformation

The results observed at room temperature indicate
that, as described in our previous paper,! there are
two different mechanisms for the B-roll deformation:
In the lamella called F-lamella, whose normal is
parallel to the X-axis in the original sample (Figure
1), the deformation develops mainly by the chain slip
along the chain direction, resulting in a tilting of the
c-axis in the F-lamella. On the other hand, in the
lamella called E-lamella, whose normal is parallel to
the Y-axis in the original sample, the deformation
proceeds by the (300) < 120> transversal chain slip
without any inclination of the c-axis and the lamellar
normal. As a consequence of the transversal chain
slip or so-called duplex slip, the WAXS Y-pattern
shows six distinct (300) peaks which have rotated
from the original positions by 30° in the XZ plane as
shown in Figure 6a.

In the case of hot rolling, anisotropic behavior in
the deformation is also observed with WAXS X- and
Y-patterns. The WAXS Y-pattern from the sample
B-rolled at 122°C is shown in Figure 6b, where the
reflections from the S-phase crystals are very weak
and the orientation of the f-phase (300) reflection is
inclined at about +45° from the Z-axis. There are
strong a-phase hk0 reflections on the equator, in-
dicating that the oa-phase crystals have c-axis-
orientation with the c-axis parallel to the rolling
direction (Z-axis). The difference between the two Y-
patterns in Figure 6 shows that at higher tempera-
tures, the B-phase crystallites are easily destroyed

Figure 6. WAXS Y-patterns of the sample B-rolled (a)
at 20°C, A=3.3 and (b) at 122°C, 2=3.5. The roll
direction (Z-axis) is vertical.
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and transformed into o-phase crystallites. In the E-
lamella, the deformation proceeds by transversal
slip. However, the (300) slip plane is inclined at about
45° from the Z-axis and the complete duplex slip, as
observed at room temperature, does not appear at
122°C. On the other hand, the strength and sharp-
ness of the reflections from the c-axis-oriented o-
phase crystallites increase with increasing rolling
temperature because of the increasing f—o tran-
sition and the annealing effect at the hot roll
temperature. In these B-roll experiments, no c-axis-
oriented f-phase crystallites could be found in the
texture following deformation.

Deformation in the F-lamellae at 68°C was obser-
ved in the WAXS X-pattern, which showed that
deformation proceeds mainly by longitudinal chain
slip in the same manner as observed at room
temperature. However, it was difficult to study the F-
lamella deformation at higher temperatures because
reflections from f-phase crystallites became too
weak.

In the SAXS X- and Y-patterns, meridional re-
flections appear when the sample is B-rolled above
68°C, and are considered to originate in the a-phase
lamellae because their intensity increases with that of
WAXS a-phase reflections. The long spacing esti-
mated from the SAXS meridional reflections in-
creases with increasing rolling temperature, but does
not change with draw ratio. The values of the long
spacing for each temperature coincide nearly with
those observed for the A-roll deformation.

C-Roll Deformation

SAXS Y-patterns of the sample C-rolled at 122°C
at stages of 1=1.0, 1=1.2, A=1.5, and 1=2.5 are
shown in Figure 7. In the original sample, a SAXS Y-
pattern was an equatorial two-point pattern showing
that the normal of the F-lamella is parallel to the X-
axis. At A=1.2, four diagonal spots were observed,
representing the normal of F-lamellae inclined about
45° with the X-axis as a result of interlamellar slip.
The diagonal spots at A=1.5 and 4=2.5 show that
the angle between the lamellar normal and the X-axis
increases with the draw ratio. These results are
almost the same as those observed at room tempera-
ture, indicating that the F-lamellar normal is rotated
in the XZ plane as a result of interlamellar slip. The
difference between deformations of F- and E-
lamellae was also observed at the initial stage of the
deformation at 122°C, but it was difficult to measure
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Figure 7. SAXS Y-patterns of the sample C-rolled at
122°C at various draw-ratios: a, A=1.0; b, A=1.2; c,
A=1.5;d, A=2.5. The roll direction (X-axis) is horizontal.

the orientation of E-lamellae with SAXS X-pattern
because the f-phase reflection was so weak. The
difference in deformation was observed also in
WAXS patterns. WAXS Y-patterns showed that the
transversal slip occurs in the E-lamella, but the
observation at high temperatures was difficult be-
cause of weakness of the f-phase reflections.

In Figure 7, diffuse peaks are observed on the
equator more than A= 1.5, and seem to arise from a-
phase lamellae as they appear in accordance with the
appearance of the c-axis-oriented a-phase reflections
in the WAXS pattern. The intensity of the equatorial
reflections increases with increasing draw ratio. The
long spacing measured from the SAXS a-phase
reflection does not increase with the draw-ratios, but
changes according to the roll temperature only, in
the same manner as observed for the A- and B-roll
deformations. The strong scattering along the me-
ridional direction in Figure 7 seems to originate from
voides expanding parallel to the XY plane formed
during the deformation.

DISCUSSION

The results obtained in hot roll deformation are
summarized as follows.
(1) Thetransition from the f-phase crystal to the

Polymer J., Vol. 11, No. 5, 1979

a-phase increased with increasing roll temperature
and draw ratio.

(2) Anisotropy in deformation was observed in
the A-, B-, and C-roll deformations, including
rotation of lamellae, interlamellar slip, transversal
and longitudinal chain $lip. At higher temperatures,
the deformation by the chain slip was not observed
to occur, indicating that the -phase crystallites are
easily destroyed before this slip takes place.

(3) The c-axis-oriented f-phase crystallites were
not found in the present hot roll experiments.

(4) The c-axis-oriented a-phase crystallites ap-
peared during hot roll deformation and formed more
developed crystalline lamellae with increasing rolling
temperature. The long spacing observed from the
SAXS o-phase reflection increased with increasing
roll temperature.

The remarkable results in hot roll deformation are
shown in (1) and (4), while the results of the
deformation of the f-phase crystallites as shown in
(2) and (3) are nearly the same as those observed in
cold rolling. The results shown in (4) are in good
agreement with the deformational behavior obser-
ved by drawing and rolling of polyethylene and other
polymers.>*1°

Prior to this experiment, it was expected that the
original -phase crystal could be found in the final c-
axis-oriented texture after hot rolling. The results, on
the contrary, indicate that the original texture is
more easily destroyed at higher temperature. The
original B-phase crystallites are transformed by hot
roll deformation as well as by cold roll deformation
to the c-axis-oriented o-phase crystallites. These
results give a negative conclusion as to the possibility
of incorporating the original texture into the c-axis-
oriented final texture referred to in the Introductory
part. However, it is not clear whether these results
show the general tendency of polymer deformation
or certain special characteristics of the isotactic
polypropylene S-phase crystal.

Samuels, et al., have pointed out that the f—a
phase transition of isotactic polypropylene requires a
local unfolding or melting because of the difference
in the crystalline structures.® From these consid-
erations, it is supposed that also in the case of hot roll
deformation of f-phase isotactic polypropylene, the
original texture transforms, through unfolding or
melting and subsequent recrystallization, into c-axis-
oriented a-phase crystallites.

Awaya has reported!! that the B-phase reflection
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