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The deformation due to rolling of polyoxymethylene (POM) was investigated by using wide 
and small angle X-ray techniques and electron microscopy. Tensile tests of rolled POM 
indicate that the yield stress increases along the roll direction. This is accompanied by a 
decrease in the yield stress perpendicular to the roll direction. Wide angle X-ray data from 
uniaxially rolled POM, obtained by means of pole figures, indicate that molecular chains 
tilt preferentially at approximately 30 ~ to the roll direction at low rolling deformation, and 
align in the roll direction when the sample is rolled to its fullest extent. A lamellar tilt of 
of about 30 ~ is also observed. Thus, the chains must tilt within the lamellae. When samples 
are fully rolled, small angle patterns indicate at least partial breakup of lamellae. Biaxial 
rolling produces no such breakup, but a uniform tilting of lamellae through the entire range 
of deformation. 

1. In t roduct ion 
Cold-rolling has, for some time, been an import- 
ant forming process for metals; the cold working 
produces an improvement in the tensile proper- 
ties of the resulting sheets and rod-like forms. 
Likewise cold-rolling can be used to form poly- 
mers with improved properties. Being a continu- 
ous process and producing, as shown here, 
unique, oriented morphological structures, it is 
anticipated that cold-rolling will play an 
increasingly important role in polymer tech- 
nology. The purpose of this paper is to show the 
structural changes which occur during the rolling 
process in polyoxymethylene (POM) and to 
discuss the physical properties that these 
changes influence. 

A complete and unambiguous description of 
the orientation in polymers caused by rolling 
requiresX-ray pole figures (i.e. a two-dimensional 
representation of a spherical distribution of plane 
normals with respect to known sample directions, 
in this case roll direction, RD; transverse 
direction, TD; and thickness, TH). A pole 
figure can describe orientation either on the 
molecular level, i.e. orientation of a lattice plane, 
or on the lamellar (,-~ 100 ~) level. In the latter 
case, small angle X-ray diffraction (SAXD) 
techniques are used, rather than the wide angle 
X-ray diffraction (WAXD) methods normally 

�9 1971 Chapman and HallLtd. 

reported. The pole figure is then a plot of 
lamella normals. 

At the very least, three X-ray patterns along 
three mutually perpendicular directions are 
needed to describe the texture on either the 
lamellar or molecular level. From this, a 
simplified pole figure can sometimes be deter- 
mined. This is the method used by Hay and 
Keller [1, 2] in their study of orientation in 
drawn and rolled polyethylene, the only polymer 
for which detailed studies of the deformation 
process during rolling have been reported. 

Hay and Keller [1, 2] and Frank, Keller, and 
O'Connor [3] reported that mild rolling of 
polyethylene leads to an orientation where the 
(100) planes are parallel to the plane of the film 
and the [001] direction is parallel to the direction 
of advance (roll direction). However, the 
orientation is poorly defined in mildly rolled 
samples. With increased rolling, this orientation 
becomes better defined and in addition a second 
orientation appears with (110) planes parallel to 
the film plane. The latter becomes more pro- 
nounced with stronger rolling. The authors 
[1-3] suggest (310) and/or (110) twinning when 
polyethylene is rolled and that rolling can be 
regarded as nearly the same as transverse 
compression. The twinning can subsequently be 
removed by appropriate heat treatment and a 
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"single-crystal" orientation with respect to both 
unit cell and supermolecular structure can be 
obtained [4]. 

Cold-rolled polypropylene has been shown to 
exhibit a preferred c-axis orientation inclined at a 
small angle to the roll direction [5, 6]. The 
orientation in the roll direction is stronger for 
more severe rolling, and the angle of inclination 
from the roll direction is smaller (being about 
10 ~ for a sample cold-rolled to -~ of its initial 
thickness). Wilchinsky suggested that the tensile 
component of force along the roll direction 
produces a local partial necking within the 
sample [5]. 

Accompanying the molecular orientation in 
rolled polymers is a rearrangement of super- 
molecular order. In many rolled polymers a so- 
called SAXD four-point pattern is found [2, 4]. 
The origin of this type of pattern, which is also 
found in oriented polymer systems produced by 
drawing, has been the subject of much discussion 
[2, 7-10]. Several models have been proposed to 
explain this pattern. A number of years ago 
Statton [11 ] and Hess and Kiessig [12] suggested 
a model consisting of ordered (crystalline), and 
disordered ("amorphous") regions alternating 
more or less regularly. Models [10, 13, 14] have 
also been suggested which rely on particle 
scattering of individual fibrils. Recently, other 
models for drawn polymers have been suggested 
based on possible lamellar structures. The four- 
point pattern is assumed to arise from two 
distinct lamellar orientations, each giving rise to 
two of the four lobes of the pattern [2, 15 ]. Seto 
and Tajima [16] use this model to explain the 
four-point pattern obtained by compressing 
fibres of polyethylene along their axes. A similar 
model, proposed by Bonart [17], consists of a 
paracrystalline layer lattice with the layers lying 
obliquely. 

As one would expect, the structural changes 
during rolling have a substantial effect on 
physical properties. Because of the anisotropic 
nature of the rolling process, properties such as 
tensile strength, elastic modulus, brittle strength, 
dielectric strength and others depend on the 
direction of measurement with respect to the roll 
direction. However, polymers rolled first in one 
direction and then in a direction perpendicular 
to the first roll are, in general, not as dependent 
on direction as those rolled only in one direction 
[18-20]. When annealed at temperatures above 
the rolling temperature but below Tin, the 
*Celanese trade mark. 
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properties (and orientation) of the rolled 
samples in some cases revert toward those of 
unrolled samples [2, 21, 22] whereas in others 
[18] they do not. 

The effect of rolling on physical properties has 
been reported for such polymer systems as poly- 
ethylene [20, 23], polypropylene [18], polyoxy- 
methylene [19], polyvinylidene fluoride [24], 
polycarbonates [21, 25] and acrylonitrile-buta- 
diene-styrenes ter-polymers [25]. Similar results 
were found for all of these materials. As a result 
of rolling, the tensile strength in the direction of 
rolling increased and yielding became less 
evident. In many cases the rolled samples 
deformed by uniform extension. In the trans- 
verse direction the strength decreased slightly 
and the elongation increased relative to that 
along the roll direction. (Rolled polyoxymethyl- 
ene responds in a somewhat different manner 
with regard to elongation to break. This fact will 
be discussed later). The increase in strength for 
biaxially rolled specimens was less than that of 
the uniaxially rolled material. Accompanying 
these changes in tensile properties was a decrease 
indensity (for polyethylene [20]). This decrease 
is attributed to both destruction of crystal 
structure and void formation. 

2. Experimental 
2.1. Preparation of Samples 
POM samples for X-ray analysis were prepared 
by rolling injection moulded bars of Celcon* 
through a 3 in. diameter mill, at room tempera- 
ture. The bars, initialy 0.123 in. thick, were 
reduced in thickness 0.005 in. per pass to a 
minimum thickness of 0.080 in. They were then 
reduced 0.002 in. per pass, until the desired 
thickness was achieved. Broutman and Kalpak- 
jian [25] reported a temperature increase of 
about 20~ (from 25~ for polycarbonate 
subjected to cold rolling under similar conditions 
as those described here. Such an increase would 
not introduce serious annealing effects in a poly- 
mer such as POM(Tm = 162~ The bars were 
rolled slowly (approximately 1 in./sec) and set 
aside for several minutes after each pass in order 
to minimise even these heating effects. For 
"uniaxially" rolled samples, the bars were 
passed through the mill in the same direction 
each time. "Biaxially" rolled samples were 
passed through the mill in one direction and then 
in a direction perpendicular to the first pass. This 
process was repeated, each time reducing the 
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thickness by 0.005 in., until the desired thickness 
was achieved. The initial thickness is defined as 
L0, the thickness after rolling is L, and the ratio 
L/Lo is the "extent of roll". WAXD and SAXD 
indicated that little or no initial orientation was 
present. Selected samples were annealed in 
glycerin at the desired temperature for 1 h. 

2.2. Tensile Tests 
The stress-strain curves were obtained at room 
temperature using an Instron tensile testing 
instrument with a strain rate of 0.05 in./min 
(about 6 ~ strain/min). Dumbbell shaped tensile 
specimens (gauge l eng th - -0 .85  in.) were cut 
from the rolled sheet at various angles to the roll 
direction in order to investigate the anisotropy 
of the material. 

2.3. X-ray Examination 
WAXD flat plate photographs were obtained on 
a Rigaku-Denki unit using CuK~ radiation. 
WAXD pole figures were obtained on an auto- 
mated Picker 4-angle, full circle goniostat with 
computerised plotting of the data. POM has a 
93 helix conformation and packs in a hexagonal 
unit cell. 10 i 0 (equatorial) and 10 i 5 (quadrant) 
were mapped over one-half of  a hemisphere in a 
manner similar to that described by O'Leary and 
Geil [7]. A background count was also made at 
each orientation. Intensity data taken from an 
unoriented sample of similar size using the above 
technique, showed that absorption corrections 
were negligible. 

SAXD photographs were taken on a Rigaku- 
Denki rotating anode SAXD unit using CuK~ 
radiation. In order to obtain patterns at various 
positions with respect to sample thickness, the 
sample was placed on a goniometer which was 
capable of  translation perpendicuIar to the main 
beam. 

The Rigaku-Denki SAXD diffractometer was 
also used for SAXD pole figure data using a 
physical set up similar to that described by 
Cullity [26]. 0.3 mm point collimation was used 
with samples approximately 1 x 1 • 5 mm in 
size. Data were taken every 10 ~ and a 100 sec 
count time was used. However, in regions of high 
intensity or where intensity was changing 
rapidly, data were taken every 5 ~ in order to 
ascertain more accurately the size and shape of 
the maxima. The diffractometer was set at the 
peak maximum in 20 and the samples rotated 
manually to obtain all possible orientations of 
*Dupont trade mark. 

the sample. Intensity data taken from an 
unoriented sample of  the same size showed that 
absorption corrections were again negligible. 
Scans over 20 were taken at several sample 
positions to determine whether the small angle 
spacings depended on sample orientation. The 
peak position in 20 was found to be independent 
of  sample orientation for unannealed specimens 
with L/L o greater than 0.5; exceptions for other 
samples will be discussed in the test. This 
method has been described in detail elsewhere 
[4, 27]. 

2.4. Electron Microscopy 
Fracture surfaces were prepared for electron 
microscopy using samples of Delrin* which were 
originally compression moulded and slow cooled 
from the melt, rolled in the manner described 
previously and fractured in liquid nitrogen. The 
surfaces were replicated in the usual manner 
using Pt-C evaporation and polyacrylic acid to 
remove the replicas. Small angle photographs 
were taken from the same areas in order to 
correlate the small angle patterns with the micro- 
graphs. These samples had a small angle spacing 
of 193 A as compared with a spacing of 177 A in 
the injection moulded bars of Celcon. Slow 
cooling resulted in fractured samples which 
yielded clearer micrographs; micrographs of the 
fractured Celcon were similar to those reported 
here. 

3. Experimental Results 
3.1. Tensile Tests 
Stress-strain data from rolled POM indicates 
that an improvement of tensile properties occurs 
when the test specimens are cut parallel to the 
roll direction. This improvement is accompanied 
by a decrease of  tensile strength in the transverse 
direction. Fig. 1 shows typical stress-strain 
curves for POM rolled to L/Lo --- 0.77, 0.59 and 
0.42 respectively. 0 is the angle between the 
tensile specimens and the roll direction. The 
dashed lines indicate the ranges over which the 
samples broke. In each case the dotted line 
represents the "as moulded" sample. The "as 
moulded" material always broke immediately 
after yielding occurred. 

Up to an extent of roll of about 0.4, as 0 
decreases from 90 ~ to 0 ~ i.e. as the tensile 
specimens are cut at a smaller angle to the roll 
direction, both the stress to break and strain to 
break tend to increase (fig. la, b). However, this 
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Figure 1 Typical stress-strain curves for L/L o 0.77, 039, 
and 0.42. 

was not true for the highly deformed material 
(fig. lc). In this case the samples cut parallel to 
the roll direction broke at a lower strain than 
those with 0 = 0. This behaviour occurred in all 
samples where the molecular axis was found by 
X-ray diffraction (described later) to be nearly 
parallel to the roll direction. 

One further point should be made concerning 
the elongation to break in these samples. The 
variation in elongation for which a sample will 
break is small for 0 = 0, because the sample 
yields, necks and then line draws until it is fully 
extended and finally breaks. However, as 0 is 
increased, the samples tend to break, subsequent 
to yielding, at various elongations and seldom 
reach full extension. In general, this variation 
increases as 0 increases. 

The variation of strain at break with 0 is 
notably different from that which has been 
reported for other polymers, including poly- 
ethylene [23] and polypropylene [18]. These 
polymers break at lower elongations when the 
tensile specimen is cut parallel to the roll 
direction. In many cases deformation prior to 
failure is uniform for 0 = 0. However, for POM, 
yielding always occurs and is sharper and better 
defined as 0 approaches 90 ~ 

Fig. 2 is a polar plot with 0 as the angular 
variable and yield stress as the radial variable. 
This plot is a summary of the data and shows the 
degree of anisotropy found in uniaxially rolled 
POM. For reference the "as-moulded" material 
is shown as a dashed line. The yield stress for 
biaxially rolled specimens, L/L o -- 0.31 (dotted 
line), was 13 to 22 % greater than that of the 
"as-moulded" material, and nearly independent 
of the angle between the rolling direction and 
tensile specimen. 
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Figure 2 Polar plot showing the asymmetry of yield 
properties of rolled POM. 

3.2. Dimensional Changes  
The dimensional changes which occur in POM 
with uniaxial rolling are shown in fig. 3. Note 
that up to a 40 % increase in width of the samples 
can be observed, indicating that a substantial 
amount of deformation is occurring in the 
transverse direction. 
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Figure 3 M a c r o s c o p i c  d i m e n s i o n a l  e h a n g e s  due to rol l ing.  

3.3 X-ray Diffraction 
3.3.1. Uniaxial Rolling 
WAXD flat plate photographs of POM were 
taken along three mutually perpendicular axes 
for several extents of roll. In samples with L/Lo 
between 0.9 and 0.5 little orientation of the 
patterns can be observed. At a deformation ratio 
of 0.4 or less the patterns are similar to those 
from a drawn fibre. However, maxima in the 
(10 i 0) Debye-Sherrer ring occur on the meridian 
of the pattern, when the beam is parallel to the 
transverse direction, which cannot be explained 
in terms of a fibre pattern. These maxima occur 
at all extents of roll and will be discussed later. 

Because these patterns are quite complex and 
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Figure 4 W A X D  p o l e  f i g u r e s  as a f u n c t i o n  o f  L/L o (a)  L/L o = 0.7. (b )  L/L o = 0.5.  (c)  L/L o = 0.28.  

difficult to analyse unambiguously, a three- 
dimensional representation of the orientation was 
desirable. Fig. 4 shows the W A X D  pole figures of 
rolled POM as a function of extent of  roll. The 
distributions of  the poles of  two reflections were 

measured: (10 i 0), whose poles are perpendicular 
to the molecular axis and (10i5) ,  whose poles 
are at 42 ~ to the molecular axis. The general 
shape of the figure does not change as L/L  o 
decreases from 0.9 to 0.5. However, the maxima 
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become sharper and relatively more intense at 
the higher deformations. The patterns for the 
(10 i 0) reflection at low deformations consist of 
two bands on either side of  the equator and 
secondary maxima at the north and south (RD) 
poles. The (10T5) reflection has four maxima 
along the outer circumference at about 30 to 40 ~ 
from the roI1 direction and an equally intense 
maximum in the centre. At an extent of roll of 
0.4 to 0.5, the figure changes suddenly to that 
shown in fig. 4c. This is very nearly the pattern 
obtained from a fully drawn fibre, indicating a 
c-axis orientation nearly parallel to the roll 
direction. However, even in the fully rolled 
sample, the crystal orientation about the roll 
direction is not uniform, as indicated by the 
minima in the bands of intensity (fig. 4c). (A 
fibre pole figure would have uniform intensity in 
the equatorial (10i0)  band and the two (10i5)  
bands.) Furthermore, the weak 1 0 i 0  maxima 
along the roll direction in fig. 4c cannot be 
explained in terms of a fibre pattern. These 
extraneous (10i0)  maxima occur in all of  the 
figures, and corresponding to the meridional 
maxima in the WAXD patterns mentioned 
above. 

The pole figures of POM samples of low 
rolling deformation are obviously more complex 
and difficult to interpret than those of samples 
which are fully rolled. One way to approach 
such a problem is to assume a certain crystalline 
texture and construct the appropriate pole 
figure for comparison with the observed data. 
Fig. 5 shows the calculated (10i0)  and (10i5)  

pole figures for the case in which the c-axis 
(molecular axes) are assumed inclined at an 
angle of • 30 ~ to the roll direction, out of the 
roll (RD-TD) plane, and the crystals allowed to 
rotate about these axes. Strong maxima occur 
where the two resulting bands overlap. The 
result agrees well with the major observed 
intensity. The maxima which occur at the north 
and south poles in the (10i0)  pole figures 
indicate the presence of additional chains which 
are perpendicular to the roll direction. Because 
of the complexity of the figures, it is difficult to 
tell whether these chains are parallel to the 
transverse direction, or positioned in some other 
manner in the TH-TD plane. (This will be 
discussed later in terms of SAXD.) The maxi- 
mum at the centre of the (10 i 5) pole figures can 
be explained in terms of the overlap of the tails 
of the two bands centred in the hemisphere 
shown in fig. 5 and/or the presence of chains 
perpendicular to the roll direction. 

In order to determine how the lamellae 
(crystallites) deform with respect to the molecular 
chains in cold rolled POM, SAXD photographs 
were taken. Fig. 6 shows small angle photographs 
as a function of extent of rollalongthree mutually 
perpendicular directions. These data are presented 
in tabular form in table I. 

The dominant feature of the SAXD patterns 
is the presence of a well defined and relatively 
intense four-point pattern when the beam is in 
the transverse direction. For  future reference, 
the angle /3 is defined as the angle between the 
lobes in the four-point pattern and including the 
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Figure 5 Calculated 1010 and 1015 pole figures for uniaxial rolling. 
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Figure 6 SAXD photographs of uniaxially rolled POM as a function of L/L o. 

T H  d i r e c t i o n  ( t a b l e  I). A s s u m i n g ,  as  s h o w n  la te r ,  
t h a t  t h e  S A X D  p a t t e r n  a r i ses  f r o m  lamel l ae ,  t h e n  
/3 is tw ice  t h e  a n g l e  b e t w e e n  t h e  l a m e l l a e  a n d  t h e  
ro l l  d i r e c t i o n .  T h e  ang le  ]3 d e c r e a s e s  s t ead i ly  as  
L / L  o decreases ,  wh i l e  t he  m e a s u r e d  l o n g  p e r i o d  
d e c r e a s e s  u n t i l  L / L  o r e a c h e s  a v a l u e  o f  a b o u t  0.5 
as  s h o w n  in  fig. 7. F u r t h e r ,  t h e  l o b e s  o f  t h e  
f o u r - p o i n t  p a t t e r n s  b e c o m e  b e t t e r  de f ined  a n d  
m o r e  i n t e n s e  as  L / L  o is dec reased .  A t  L / L  o = 0.5 

t h e  s p a c i n g  r a p i d l y  dec rea se s  to  a v a l u e  o f  a b o u t  
140 • a n d  t h e  s h a p e  o f  t h e  l obes  c h a n g e s .  

W h e n  v i ewed  a l o n g  t h e  r o l l i n g  d i r ec t i on ,  t h e  
p a t t e r n s ,  a t  l o w  ro l l i n g  d e f o r m a t i o n s  c o n s i s t  o f  
t w o  arcs ,  s u g g e s t i n g  a p e r i o d i c i t y  a l o n g  t h e  
t h i c k n e s s  d i r e c t i o n .  A s  L/Lo  is d e c r e a s e d  f r o m  
0.8 to  0.6, t h e  a rcs  i n t e n s i f y  a t  t h e  e n d s  a n d  sp l i t  
i n t o  a f o u r - p o i n t  p a t t e r n .  T h e  a n g l e  b e t w e e n  t h e  
l o b e s  o f  th i s  f o u r - p o i n t  p a t t e r n  is de f ined  as a in  

T A B L E  I Observed small angle spacings for uniaxially rolled POM 
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4.,  1 
14 O 

L/Lo A B C D E a F G H 3 J K 

0.81 - -  - -  167 (arc) - -  - -  - -  216 264 171 78 ~ 165 168 (arc) 
0.70 - -  - -  165 (arc) - -  - -  (116 ~ 196 279 165 69 ~ 156 (w) 165 
0.61 - -  - -  163 - -  - -  (107 ~ ) 189 317 163 62 ~ - -  162 
0.55 - -  - -  162 265 216 92 ~ 188 322 160 61 ~ - -  163 
0.48 - -  - -  160 274 220 79 ~ 187 321 163 59 ~ - -  158 
0.40 138 w 141 (w) (w) (w) - -  156 320 141 50 ~ 109 159 
0.28 137 69 144 (w) (w) (w) - -  156 343 139 ~ 48 ~ 105 162 

(w = weak reflection) 
Columns 1, 2, and 3 correspond to the patterns in fig. 6 with the beam in the RD, TD and TH directions respectively. 
The subcolumns A-K list Bragg spacings calculated from the reflections as defined in the sample patterns at the top 
of the columns; greek letters refer to the angles shown. 
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Figure 7 Effect of  uniaxial rol l ing on lamellar ti lt and smal l  
angle spacing,  

table I. At an extent of roll of about 0.4, the 
four-point pattern nearly disappears and a 
strong, well defined periodicity again appears 
along the thickness direction. Traces of the four- 
point pattern, however, can be seen even when 
the sample is rolled the maximum amount 
possible. 

The small angle patterns obtained with the 
beam parallel to the thickness direction also 
show interesting orientation effects. At first 
glance, the patterns at low deformation (L/L o 
between 0.9 and 0.7) appear to consist of four 
arcs, indicative of periodicities along the roll 
direction and the transverse diection. However, 
close inspection of the original negatives 
indicates the arcs along the roll direction are 
actually very weak and diffuse. As deformation 
by rolling continues, they become weaker and 
more diffuse until L/L o -- 0.5, at which point 
they completely disappear. Therefore, up to this 
extent of roll, orientation occurs by the dis- 
appearance of one section of the diffraction ring, 
leaving only an arc along the transverse direction. 
As L/Lo decreases below 0.5 two broad and some- 
what diffuse meridional reflections are observed, 
indicating a periodicity of about 100 A occurring 
along the roll direction. With further rolling, the 
intensity of these reflections increases relative 
to those along the transverse direction. The 
relative breadth and diffuseness of these new 
meridional reflections indicate that the period- 
icity which gives rise to the reflections may not 
be as uniform as the others; i.e. a greater de- 
viation occurs in the spacing of these structural 
units. 

As previously indicated, the general appear- 
ance of all of  the SAXD patterns undergoes a 
discontinuous change at L/L o approximately 
equal to 0.4. For values of L/Lo greater than 0.4 
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the maxima correspond to intensification of 
certain regions of the rings in the unoriented 
material. For lower values, a new periodicity is 
observed. Thus both the WAXD and SAXD 
indicate that abrupt, severe structural change(s) 
are occurring at an extent of roll of about 0.4 to 
0.5. 

As in the case of the WAXD data, pole figures 
have ted to an interpretation of these complex 
patterns. Fig. 8 shows the SAXD pole figures of 
rolled POM as a function of L/L o. (For these 
figures, the SAXD flat plate photographs sample 
the pole figure essentially along the circumference 
(beam along TH), equator (RD), and meridian 
(TD).) The predominant feature of these figures 
is the two maxima along the meridian, which give 
rise to the four-point patterns observed when the 
beam is parallel to the transverse direction (fig. 
6). These maxima have, of course, two associated 
maxima on the other hemisphere of the pole 
figure. Each maximum then corresponds to one 
lobe of the four-point pattern and the angle/? is 
the angle between the maxima. 

Other features of the flat plate photographs 
can also be accounted for in the pole figure 
representation. The appearance of a four-point 
pattern, when the X-rays are parallel to the roll 
direction, corresponds to the two maxima along 
the equator (L/Lo = 0.5) in fig. 8. The angle 
between these maxima is the angle a. The 
intensity along the equator begins to increase in 
the TH direction and then split as L/L o is 
decreased and reaches a maximum at about 
• 45 ~ from TH at L/L o --- 0.5. At this stage of 
the deformation process, these maxima suddenly 
disappear leaving only the strong maxima along 
the meridian. The patterns with the beam in the 
TH  direction are seen to result from the tails of 
the intensity distribution. Note that the 100 A 
periodicity observed for L/L o <_ 0.4 is not shown 
in these pole figures. 

The pole figures indicate that maximum 
lamellar orientation occurs at about L/L o -- 0.5. 
At this extent of roll the intensity of the maxima 
are about ten times that of the minima. Further 
deformation, results in a decrease of the ratio of 
maximum to minimum intensity of the original 
spacing to eight. 

The above results for the SAXD and WAXD 
textures of rolled POM are dependent, not only 
on the direction of the beam with respect to the 
sample, but also on the position of the roll 
surface with respect to the X-ray beam. Fig. 9 
shows SAXD pole figures for a sample with 
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L/Lo= .81 .70 

.50 .28 

Figure 8 SAXD pole f igures as a function of L/L o. 

L/L o = 0.6 taken at three different positions 
with respect to the roll surface. These pole 
figures were obtained by cutting the rolled slab 
into three sections: top, centre and bottom, and 
taking the pole figure of each separately. Note 
that the intensity of one maximum is 50 to 75 
greater than the other maximum near the roll 
surfaces, while the centre of the sample yields 
maxima of equal intensity. The nearer to the 
centre of the specimen the beam strikes the 
sample the closer these maxima are to being 
equal in intensity, the pattern at the centre being 
symmetric. Note that this asymmetry is such 
that a mirror plane can be passed parallel to 
the roll surface through the centre of the sam- 
ple. Similar pole figures were obtained for 
L/L, = 0.4. The SAXD patterns and pole figures 

indicate that the lamellae form a V-shaped pat- 
tern, with the points of the "V" lying on the 
centre plane of the sample and being closer to the 
front of the macroscopic specimen than the edges 
of the "V". (The front of the specimen is consid- 
ered to be the side which is placed through the 
roller first.) This has also been shown to be true 
for unidirectionally rolled and annealed poly- 
ethylene [4]. One possible explanation for the 
appearance of asymmetry in uniaxially rolled, 
injection moulded POM is the presence of an 
initial surface orientation of the type described 
by Clark [28]. However, the presence of asym- 
metry in rolled, compression moulded POM as 
well as rolled PE [4], indicates that this asym- 
metry is due to the anisotropic nature of the 
rolling process rather than initial orientation. 
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Figure 9 SAXD pole f igures taken from three layers of a sample rolled to L/L o = 0.6. 

3,4. Biaxial Rolling 
The orientation effects in biaxially rolled POM 
are in some ways similar to those in uniaxially 
rolled POM. The four-point patterns observed 
along TD in uniaxially rolled samples are also 
present in biaxially rolled samples. However, in 
the latter case identical patterns are obtained 
when the beam is passed along either roll- 
direction. At low deformations with the beam in 
either RD, two arcs are seen along TH. With 
more severe deformation these arcs intensify at 
the ends and form a four-point pattern. Fig. 10 
shows these small angle patterns at several 

extents of roll. Table II summarises the results 
of the measurements taken from these patterns. 
These data are placed in graphical form in fig. 11 
for comparison with uniaxial rolling. As in the 
case of uniaxially rolled samples, the angle fi 
decreases steadily as L/L o decreases, indicating 
that the lamellae tend to tilt toward the rolling 
plane as deformation increases. The small angle 
spacing also decreases steadily over the range 
observed, L/L o from 0.68 to 0.23. This is in 
contrast to the uniaxial case, where the~spacing 
drops rapidly at about L/L o -- 0.5. Thus, the 
severe and sudden structural changes which occur 

Figure 10 SAXD photographs of biaxially rolled POM. 
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DEFORMATION OF POLYOXYMETHYLENE BY ROLLING 

T A B L E  II Observed small angle spac ings  for biaxially rolled POM 

B G j 
I ~ l 

.I 
c H 

L/Lo A B C 81 F G H ~ J 

0.68 211 258 163 78 ~ 208 294 165 73 ~ - -  
0.49 198 310 158 67 ~ 203 315 160 66 ~ - -  
0.38 188 304 155 62 ~ 184 304 154 61 ~ - -  
0.23 165 344 152 52 ~ 165 338 145 50 ~ 99 

Columns 1, 2, and 3 correspond to the patterns in fig. 6 with the beam in the RD,  TD and TH directions respectively 
The subcolumns A-J list Bragg spacings calculated f rom the reflections as defined in the sample patterns at the top 
of  the columns; greek letters refer to the angles shown. 

9 0  - 18C 

I Bioxio l ly  Rol led 
_ _ _ U n i o x i ( l l l y  Rol led i 7 0  < 

" % ~ ' %  ~ ~ _  ( f rom f igure  g) 160 --;~ 
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E X T E N T  OF R O L L ,  L / L o  

Figure 11 Effect of biaxial rolling on lameltar tilt and small 
angle spacing. 

RD 

RD" 

with uniaxial rolling at this point do not occur 
when samples are biaxially rolled. 

The asymmetry observed near the roll surfaces 
of rolled POM is also present in biaxially rolled 
specimens, as can be seen in fig. 10 for L / L  o = 
0.68. 

The question remains as to whether the four- 
point pattern in the biaxial samples indicates the 
presence of two distinct lamellar distributions, 
or a uniform distribution about TH of tilted 
lamellae. SAXD pole figures, one example of 
which is shown in fig. 12 (L /Lo  = 0.5), consist of 
one ring-shaped maximum indicating that the 
primary texture is one in which lamella normals 
make a constant angle (/3/2 from Table II) with 
respect to the thickness direction. In this case the 
angle is 33 ~ This suggests that the lamellae lie 
so that they are tangential to the surface of a 
cone whose axis is perpendicular to the roll 

Figure 12 SAXD pole figure for biaxially rolled POM, 
L/L o = 0.49. 

surface. Consequently, small angle diffraction 
should yield a four-point pattern independent of 
the direction of the X-ray beam, as long as the 
beam is parallel to the roll plane. This has been 
verified for several orientations and extents of 
roll. 

WAXD pole figures for biaxially rolled POM 
indicate that a complex molecular orientation is 
also present. As before, the technique of assum- 
ing a certain molecular orientation, constructing 
a pole figure for the assumed orientation and then 
comparing the calculated and experimental 
figures must be applied. Fig. 13 shows the wide 
angle pole figures for biaxially rolled POM as a 
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function of extent of  roll. Very little definition 
can be observed up to an extent of  roll of  0.68. 
Orientation, although present, seems to be very 
weak up to this point. As L/L o decreases to 0.49, 
eight maxima can be observed in the (10i0)  pole 
figure: two along each roll direction and four 
equally spaced at 45 ~ to the roll directions and at 
about  40 ~ to the sheet normal. The (1015) 
reflection is similar to that obtained from uni- 
axially rolled material, except for one subtle 
difference: the maxima along the circumference 
of the figure are equally spaced and at 45 ~ to the 
roll directions. As L/Lo is decreased further the 
figures change only slightly, the maxima on the 
meridian of the (10i0)  figure are reduced in 
intensity relative to the equatorial maxima and 
the circumference maxima of the (10 i  5) figure 
shift slightly (5 to 15 ~ ) towards the meridian. 
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This trend continues up to an extent of  roll of  
0.23. Here the meridional maxima observed in 
the (10 i 0) figure are about half as intense as the 
equatorial maxima. Furthermore, the remaining 
four maxima are closer to the equator and are 
weaker. The (10i5)  pole at L/L o = 0.23 is 
similar to that obtained from uniaxially rolled 
POM. 

As a model the orientation which occurs in the 
case of uniaxial rolling was used. It  has been 
shown to consist of  chains in the R D - T H  plane 
and at 4- 30 ~ to the R D - T D  plane with the a- 
and b-axes randomly oriented about the chain 
axis direction (fig. 4 and 5). I f  such a texture is 
placed along each roll direction, the result is a 
pattern that agrees quite well for biaxial rolling 
up to an extent of  roll of 0.38. We will define such 
orientation here as "biaxial" orientation. 
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Figure 13 W A X D  p o l e f i g u r e s  f o r  b iax ia l l y  ro l led  P O M  as a f u n c t i o n  o f  L/L o. (a) L/L o = 0.68. (b) L/L o = 0.49. (c) L/L e = 0.38 

(d) L/L o = 0.23. 

The relative intensity of the meridionalmaxima 
with respect to the equatorial maxima will 
indicate how near to being truly "biaxial" the 
sample is. I f  the maxima are equal in intensity 
(approximately true for L/Lo - 0.49 in fig. t3), 
the sample is truly biaxially oriented, i.e. the 
number of molecules at 4- 30 ~ to the first roll 
direction is the same as the number at 4- 30 ~ to 
the second. However, as L/L, is decreased, the 
meridional maxima decreases relative to the 
equatorial maxima. This indicates that chains are 
orienting preferentially at 4- 30 ~ to the RD 
direction rather than the RD'  direction (where 
the RD direction is the direction of first advance 
of the material through the roller). At L/Lo = 
0.23 the pole figures take on a different character. 
The "R D population" is not only increasing in 
intensity relative to the "RD'  population", but 

also, the chains are slowly tilting into the RD 
direction. The surprising aspect of  this is that the 
molecules can remember and be influenced by the 
initial deformation, especially at high defor- 
mations. 

3.5. Annealing of Uniaxially Rolled POM 
Samples of rolled POM were annealed at various 
temperatures to determine the effect of  heat 
treatment on the orientation. There is some 
dimensional recovery in all the samples, higher 
annealing temperatures tending to result in a 
greater increase in thickness than the lower 
temperatures. 

Fig. 14 shows the SAXD patterns for various 
extents of  roll and annealing conditions. The 
most striking feature of this series is the appear- 
ance of "six-point" patterns when the beam is in 
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Figure 14 SAXD photographs for various extents of roll and annealing conditions. 

the TD for annealed samples with L/L o between 
0.8 and 0.45. Grossly similar patterns have been 
observed by O'Leary and Geil [7] in as-drawn 
POM. They attributed the meridional reflections 
to fibrous material and the reflections at :t: 30 ~ 
to the thickness direction to tilted lamellae. For 
annealed samples with L/L o less than 0.5, the 
intensity of the meridional reflection increases 
and the pattern begins to take on a "fan" shape. 
The effect of raising the annealing temperature at 
any given extent of roll is to decrease the size of 
the pattern, rather than change its shape. This 
indicates that two samples which have been 
deformed to the same extent of roll, but annealed 
at two different temperatures (within the ranges 
of temperatures studied here) will differ, not in 
lamellar orientation, but only in "long period". 
Annealing does not remove the surface asym- 
metry observed in rolled POM, as can be seen 
from fig. 14 for L/L o = 0.81, annealed at 
155~ Table III summarises the measurements 
from the small angle patterns. 

The SAXD patterns of annealed POM can be 
roughly divided into two sections; L/L o (before 
annealing) less than 0.45 and L/L o greater than 
0.45. Fig. 15 shows small angle pole figures for 
L/Lo -- 0.28 and L/L o = 0.50 annealed at several 
temperatures. Because of the greater variability 
of the "long period" in these samples, figures for 
L/L o = 0.28 were taken with the counter set at 
several values of 20. 

The SAXD pole figure for L/Lo = 0.50 
annealed at 145~ (fig. 15a) shows in addition 
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to the majority of the lamellae which now lie at 
an angle of about 40 ~ to the roll direction some 
"transverse" orientation, i.e. as if lamellae were 
lying parallel to RD and at approximately 
i 45 ~ to TD. In addition, the ratio of maximum 
intensity to minimum intensity decreases with 
annealing (compare with fig. 18, L/L o = 0.50). 
The maxima which occur on the meridian move 
toward the roll direction, indicating that lamellae 
are tilting toward the TD-TH plane with heat 
treatment. The pole figures for L/L o = 0.28, 
annealed at 145~ are shown for two different 
Bragg angles (figs. 15b and c). As 20 is increased 
from 0.45 to 0.60 ~ the maxima which occur on 
the meridian shift from 32 ~ to the roll direction 
to 17 ~ to the roll direction. (Compare with fig. 8, 
L/Lo = 0.28.) This accounts for the " fan"  
shaped pattern which occurs in these samples 
with the beam parallel to TD. Very weak 
equatorial maxima are also present in these 
figures. Fig. 15d shows the pole figure for a 
sample with L/L o = 0.28 annealed at 155 ~ 
(20 = 0.5). Here meridional maxima occur 
indicating a periodicity along the roll direction, 
similar to that expected from a drawn fibre. 
(Changing 20 for this sample has little effect on 
the overall appearance of the pole figures, except, 
of course, to decrease the absolute intensity of 
each data point.) However, a small amount of 
"transverse" orientation remains, as indicated 
by two weak maxima on either side of the 
meridian. 

In contrast to the SAXD data which indicate 
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T A B L E III Observed small angle spacings for POM at various rolling and annealing conditions 

~ ' ~ A  ---I ~ D ~ ~._j _.~ 

T ~ T ~ T 
! | F �9 �9 

C G 

L/Lo Annealing A B C c~ D E F G /3 H J 
temperature 
(oc) 

0.81 155 176 (w) (arc) (w) (w) 176(w) 170(w) 196 
0.61 155 310 (w) 223 (w) 184 (w) 108 ~ 239 275 170 (w) 185 81 ~ 167 208 

0.55 145 251 222 168 97 ~ 193 274 136 158 70 ~ 141 176 
150 297 228 172 101 ~ 204 276 144 164 73 ~ 168 203 
155 300 236 184 108 ~ 291 275 156 180 80 ~ 169 206 

0.40 155 359 248 208 110 ~ 214 253 158 166 80 ~ 173 235 (w) 

0.28 145 330 230 166 104 ~ 244 (arc) 138 158 46 ~ 139 178 (w) 
150 344 226 189 111 ~ 264 (arc) 146 149 57 ~ 154 198(w) 
155 368 244 193 113 ~ 290 (arc) 165 165 77 ~ 171 (w) 

w = weak reflection 
Columns 1, 2, and 3 correspond to the patterns in fig. 4 with the beam in the RD, TD and TH directions respectively 
The subcolumns A-J list Bragg spacings calculated from the reflections as defined in the sample patterns at the top of 
the columns; greek letters refer to the angles shown. 

tha t  much  s t ructural  r ea r rangement  at  the 100 to  
200 A level is occurr ing dur ing a n n e a l i n g . W A X D  
pole  figures show tha t  very little molecular  
r ea r rangement  occurs. Fig. 16 shows a typical  
W A X D  pole  figure for  an annealed  specimen. 
This par t i cu la r  sample  had  an extent  of  roll  o f  
0.50 and was annea led  at  150~ (Compare  with 
fig. 4b.) The general  shape o f  the pa t t e rn  is 
s imilar  to tha t  of  the unannea led  sample,  with 
the four  m a x i m a  near  the centre o f  the figure, 
indica t ing  tha t  the sample  has more  biaxial  
o r ien ta t ion  than  does the unannea led  sample.  
Also,  the ra t io  of  m a x i m u m  intensi ty to mini-  
m u m  intensi ty increases with anneal ing,  indicat-  
ing tha t  the molecu la r  or ien ta t ion  is somewha t  
s t ronger  in the annealed  samples  for  a given 
L/Lo. 

3.6. Electron Microscopy 
The d o m i n a n t  feature o f  the S A X D  examina t ion  
o f  ro l led  P O M  has been shown to be the four-  
po in t  pa t t e rn  with the beam along TD.  There  are 
several possible  s t ructura l  models  which can 
explain this phenomenon ,  and  consequent ly  
S A X D  and W A X D  analyses a lone are no t  

sufficient to identify the s t ructura l  changes  
occurr ing dur ing  the rol l ing process.  A l though  
there remains  some doub t  abou t  the quant i ta t ive  
corre la t ion  of  the thickness of  lamel lae  between 
elect ron micrographs  and S A X D  pat te rns  in bu lk  
po lymers  [29], e lectron microscopy  can be used 
to complement  the X- ray  da ta  quali tat ively.  
Fig. 17 shows a Pt-C repl ica  of  a f racture  surface 
o f  rol led P O M  (L/L o = 0.8). The sample  was 
f rac tured  such tha t  the R D - T H  plane  was 
exposed.  The f racture  surface was then shadowed 
a long RD.  The S A X D  pa t te rn  ob ta ined  f rom the 
same area  with the beam perpendicu la r  to the 
fracture surface is also shown. A "z ig-zag"  
pa t t e rn  of  s t r ia t ions is character is t ic  o f  the 
surface. The width  o f  these s t r ia t ions is 400 A or  
greater ,  while the spacing calcula ted f rom the 
S A X D  pa t te rns  is abou t  190 A. Thus,  these 
s tr ia t ions are p robab ly  stacks o f  lamel lae  ra ther  
than  individual  lamellae.  The angle between the 
lamellae,  /3, as measured  f rom the micrographs ,  
ranges f rom 90 to 110 ~ as measured  f rom the 
small  angle pa t t e rn  is 85 ~ . 

The lamel lae  tend to be a l igned in bands  
para l le l  to the roll  direct ion.  These bands  range 
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Figure 15 S A X D  pole f igures for L/L o = 0.28 and L/L o = 0.50. (a) L/L o = 0.5, 28 = 0.50,145~ (b) L/L o = 0.28, 28 ~ 0.45. 

145~ (c) L/L o = 0.28, 2(~ = 0.60,145~ (d) L/L o = 0.28, 2~ = 0.50,155~ 

1010 l o T o  

Figure 16 W A X D  pole f igures for  uniaxial ly rol led POM. (L/Lol = 0.5), annealed at 450 ~ C. 
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Figure 17 Electron micrograph of fracture surface of rolled 
POM, L/L o = 0.8. 

from about 0.2 Fm in lateral size up to about 
25 Fm. The appearance of this structure is very 
similar to the kink bands formed by compressing 
oriented polyethylene [16] and oriented nylon 
[30] along their fibre axes. This micrograph is 
representative of  the structure observed over the 
entire fracture surface. However, many areas 
contain large sections which contain only one of 
the two orientations shown in fig. 17. Further- 
more a few areas can be observed, especially in 
those samples with values of  L/Lo near one, 
where there is no appreciable orientation. 

Fig. 18 shows a fracture surface in the R D - T H  
plane of a sample with L / L  o = 0.7. The same 
banded, zig-zag structure occurs as in the case of  
L/Lo = 0.8. In this case, the range of angles 
between lamellae is 75 to 90 ~ while/3 is 80 ~ as 
measured from the four-point SAXD pattern 
shown in fig. 18. Again, areas are present in other 
regions of the same sample which contain only 
one of the two orientations observed, or a very 
few areas with no orientation at all. 

A fracture surface and small angle pattern for 
a sample with L/L  o = 0.5 are shown in fig. 19. 
Two definite lamellar orientations can again be 
observed occurring in bands more or less parallel 
to the roll direction. The range of the lamellar 
angles is 50 to 80 ~ from the micrographs,while 
from the four-point pattern/3 = 62 ~ In contrast 
to the observations made on fracture surfaces of 
samples with L / L  o nearer to one, the entire 
surface had this definite, banded, zig-zag 
structure. Furthermore, there is some indication 
that lamellar breakup may be starting at L / L  o = 
0.5 (arrows, fig. 19). Although some bands were 
larger than others, no areas were observed which 
contained only one of the two orientations. 

Figure 18 Electron micrograph of fracture surface of rolled 
POM, L/L o = 0.7. 

Figure 19 Electron micrograph of fracture surface of rolled 
POM, L/L o - -  0.5 .  

These results show that as deformation by 
rolling is increased, lamellae (in large units) tend 
to tilt toward the roll direction and that more 
and more lamellae achieve this highly tilted 
conformation. The samples were scanned to see 
if a correlation between lamellar orientation and 
distance from the surface could be obtained. 
Such a correlation would be expected from the 
SAXD data (fig. 9). However, no statistically 
meaningful variations could be observed, prob- 
ably because of the relatively small differences 
in orientation from edge to edge and the small 
areas over which the micrographs were taken. 

Replicas of  fracture surfaces of samples with 
L / L  o less than 0.5 were difficult to obtain because 
the samples were extremely thin and would not 
fracture in the R D - T H  plane. Instead, the material 
fractured in sheets more or less parallel to the 
RD-TD plane. These sheets may be related to the 
bands observed at lower deformation. A relatively 
even fracture surface of a sample with an extent 
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Figure 20 Electron micrograph of an annealed fracture 
surface of rolled POM, L/L o = 0.28. 

of roll = 0.28 could be obtained by annealing the 
fractured samples at 150~ Such a surface is 
shown in fig. 20. Note that the zig-zag banded 
structure observed in less deformed samples is 
not obtained. Instead, small lamellar-type 
structures about 200 A in width and 400 to 
1000 A in lateral extent are observed, oriented 
nearly normal to the roll direction. These 
structures resemble those observed on free 
surfaces of drawn POM which has been annealed 
[31]. The bands remain, however, in annealed, 
rolled POM with L/L o > 0.5. 

No observable orientation was obtained when 
any of the samples were fractured perpendicular 
to the roll direction. 

4. Discussion and Interpretation 
SAXD and WAXD data indicate that a complex 
series of structural changes occur during rolling. 
At low rolling deformation (L/L o from 1.0 to 
0.5) the small angle "long period" decreases 
steadily with L/L o while the tilt of  the molecular 
chains which have become oriented, with respect 
to the roll direction, remains at approximately 
30 ~ As deformation is increased, a SAXD 
periodicity along RD of about 100 A appears at 
an extent of roll of approximately 0.4. At the 
same extent of roll there is a sudden decrease in 
the spacing of the original structure (fig. 7). In 
addition, the molecular tilt decreases from 30 ~ 
to RD, out of the rolling plane, to approximately 
0 ~ (fig. 4). In contrast to this, the angle between 
the lamellae, fi, decreases linearly with extent of 
roll over the entire range of deformation (L/Lo 
from 1.0 to 0.3). This indicates that at high 
rolling deformation either the molecules are 
nearly parallel (26 ~ to the lamellar surface or 
that some type of lamellar breakup is occurring. 
The latter explanation is preferred. 
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Fig. 21 represents a model suggested by the 
data. The lamellae tilt toward the roll direction, 
while the molecular chains remain at 30 ~ to RD 
up to an extent of roll of 0.5. The molecular 
chains, therefore, must tilt within the lamellae as 
shown in fig. 21. Electron microscopy indicates 
that the lamellar tilt occurs in bands parallel to 
the roll direction (figs. 17 to 19). Thus, up to an 
extent of roll of 0.5, a model of oriented plate- 
lets, as described by Seto and Tajima [16], is 
suggested. 

At an extent of roll near 0.5, the shear forces 
within the lamellae must increase as the mole- 
cules attempt to align in the roll direction. At 
this point the lamellae cannot remain as coherent 
units and tend to break up, possibly by a partial 
unfolding and large scale molecular slip. This 
mechanism may be similar to that described by 
Peterlin [32] for drawn polyethylene and 
O'Leary and Geil [7] for drawn POM. However, 
SAXD data indicate that the periodicity along 
RD is about 100 A, whereas the model depicted in 
fig. 21 predicts a spacing approximately equal to 
the origin long period (177 ~). This indicates 
that some rearrangement other than simple 
unfolding and molecular slip must be occurring. 
Consequently, no attempt is made here to define 
the exact nature or mechanism of formation of  
these "blocks". 

Although it is difficult to verify lameUar 
breakup directly via electron microscopy (fig. 19 
shows some evidence of breakup, but this is far 
from conclusive), some macroscopic evidence is 
available. The highly deformed samples do not 
fracture evenly, instead, they fibrillate. Further, 
optical microscopy indicates that spherulite order 
is completely destroyed at this point. 

Since the initial stages of the mechanism 
described above involves tilting of chains within 
lamellae, the long period should decrease with 
extent of roll according to 

1 = 10 sin3 

where 1 ---- long period measured from SAXD at 
a given L/L o, 10 -~ long period of "as-moulded" 
material, and 3 ~ tilt of  chains within lamellae 
(3 = 90 ~ when chains are normal to the lamellar 
surface, as is presumably the case in the original 
sample). Table IV compares the observed long 
periods for uniaxial rolling (fig. 7) with those 
calculated from the above equation. The tilt of  
chains within the lamellae depends, of course, on 
two factors: tilt of chains with respect to the roll 
direction and tilt of  lamellae with respect to the 
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TH l 
RD ~ 

kiLo= 0,8 0.7 0.6 0.5 0.4 

Figure 21 Schematic model indicating the effect of rolling on lamellar and chain tilt. Lamellar breakup is predominant 
at extents of roll less than 0.5. 

roll direction, fl/2. The calculated long periods 
are shown for two different values of chain tilt, 
30 and 35 ~ Although WAXD pole figures 
indicate a tilt of about 30 ~ a chain tilt of 35 ~ 
seems to fit the observed data better than the 30 ~ 
tilt. However, this disagreement is not unreason- 
able since the WAXD data were taken every 10 ~ 1.0 
Similar results were obtained using POM with an 0.8 
initial long period of 193 • (as opposed to 177 A 0.7 
in the above case). Again, a 35 ~ chain tilt can 0.6 
explain the observed "d-spacing" decrease 0.5 
(table IV). 1.0 

The observed and calculated long periods 0.8 
begin to diverge at L/Lo = 0.5. Preliminary 0.7 
results suggest that the final spacing for L/L o < 0.6 
0.4 depends only on rolling conditions (e.g. 0.5 
temperature) and not on the initial long period. 
A similar result has previously been reported by 
Peterlin and Corneliussen [33, 34] for drawn 
polyethylene. 

For biaxially rolled samples table V compares 
the observed long period (fig. 14) with the calcu- 
lated long period (assuming a 30 ~ tilt of mole- 
cules with respect to the roll direction). This 
indicates that deformation occurs completely by 1.0 

0.65 lamellar tilting. Consequently, there is no 
0.5 

evidence for the occurrence of lamellar breakup 0.35 
in the case of biaxial rolling to the extent used o.2 
here. Again, macroscopic properties of the rolled 
material verify this, in that these samples will 
fracture down to L/Lo = 0.2. 

Consideration must now be given to the 
mechanism by which the molecules tilt within the 
lamellae. The expected slip system for POM is 
(10i0)  [0001]. This allows the (10i0)  planes, 
which are the most densely packed (hki0) 
planes, to act as slip planes. Since the lamellae 
must retain their crystal structure one might 
expect slip to occur in steps of the c-spacing. 
Using the model of Hansen and Rusnock [35], 

T A B L E  IV Calculated and observed small angle spac- 
ings for uniaxially rolled POM 

L/Lo Observed long Calculated long Calculated long 
period (A) period (for 30 ~ period (for 35 o 

chain tilt with chain tilt with 
respect to R) (A) respect to R) (A) 

177 - -  --- 
171 164 169 
165 160 166 
162 156 163 
160 152 159 

193 - -  - -  
188 184 189 
186 181 186 
184 176 182 
181 168 177 

T A B L E  V Calculated and observed small angle spacing 
for biaxially rolled POM 

L/Lo Observed long Calculated long period 
period (A) (for 30 ~ chain tilt with 

respect to R) (A) 

177 
165 164 
158 158 
153 153 
147 145 

involving uniform tilt and c-axis spacing slip 
of the molecules, the angle the molecule makes 
with the stress direction is given by; 

0 = tan -1 d(10"7 o)/nd(o o o i) 

where n is the number of c-spacing slips per 
plane and the draw ratio = 1/sin0. For the above 
slip system in POM 0 = 12 ~ (for n = 1), and the 
draw ratio = 4.6. (Because of the large c-spacing 
of POM (17.3 A), relative to a and b, these 
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values do not change significantly for other 
possible (hki0) [0001] slip systems.) 

This suggests that those chains participating in 
the deformation tilt to within at least 12 ~ of the 
roll direction. However, as observed here, and in 
the case of uniaxial drawing of POM [7] the 
chains at first tilt at a 30 ~ angle. Therefore we 
conclude that the model of Hansen and Rusnock 
cannot lead to a direct explanation of the 
observed 30 ~ tilt. 

The relationship between the initial spherulitic 
order and lamellar orientation after rolling is a 
matter of some speculation, since little direct 
data are available. Initially, the material has been 
shown to be composed of spherulites with a 
systematic distribution but an overall random 
orientation of  lamellae. It is difficult to tell 
exactly what happens during rolling to any one 
lamella with a given orientation. This situation is 
further complicated by the fact that the lamellae 
cannot react to the deformation independently, 
since they are joined by tie molecules [36-38]. 
Thus, co-operative motion must be present in 
regions of the spherulites. This is borne out by 
the electron micrographs shown in figs. 17-19. 
However, it is difficult to envisage a mechanism 
whereby portions of a band of tilted lamellae will 
suddenly reverse their tilt, leading to the 
observed decrease in width of the bands at high 
deformation. 

Various regions of a spherulite would be 
expected to react differently to deformation as 
pointed out by Oda, Nomura, and Kawai [30] 
and O'Leary and Geil [7]. They divided spherul- 
ites into four regions (two lateral zones and two 
longitudinal zones), by means of two diagonals 
along lines of maximum shear stress (45 ~ to the 
draw direction). The lamellae in the lateral zones 
are expected to react differently during defor- 
mation than those in the longitudinal zones. 

The work by the above authors was concerned 
with deformation by an applied tensile load. 
However, rolling is similar to drawing in that the 
tangential (frictional) force of the roller provides 
a component which exerts a tensile stress on the 
material [5 ]. Therefore, rolling can be considered 
to be a combination of drawing along the roll 
direction and compression along the thickness 
direction. 

O'Leary and Geil [7], using pole figure 
analysis, have shown that at tow draw ratios 
(35 to 125 ~o) the chains are preferentially tilted 
at 4- 30 ~ about both the thickness and trans- 
verse directions, directions which are equivalent 
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for drawing. However, for rolling, these direc- 
tions are not equivalent and one degree of free- 
dom is lost. Thus our results agree in that the 
chains are tilted 4-30 ~ about the transverse 
direction. 

The SAXD pole figures indicate a relatively 
high intensity of poles parallel to TH (fig. 8); 
this orientation can be explained as follows. A 
lamella which lies initially in the rolling plane 
has no net moment associated with it tending to 
tilt it out of the plane. The only force on this 
lamella would be that due to its (longer range) 
association with lamellae (via tie molecules) 
which are tilted out of the rolling plane. This force 
would be of less consequence than for a lamella 
which has a direct moment applied to it. In this 
vein, then, we suggest that the results of rolling 
can be thought of in the following way: the 
lamellae, which lie at angles to the rolling plane 
greater than that of preferred tilt, tend to rotate 
in order to approach the preferred tilt. On the 
other hand, lamellae with less than the preferred 
tilt are affected very little. 

WAXD and SAXD pole figures obtained from 
biaxially rolled POM seem, at first glance, to be 
contradictory. WAXD pole figures indicate that 
the molecules preferentially lie at 4- 30 ~ to each 
of the two roll directions. Thus, two distinct 
molecular orientations exist. In contrast to this, 
SAXD pole figures indicate a nearly continuous 
distribution of lamellae lying on the surface of a 
cone. This anomaly can be resolved by consider- 
ing the SAXD pole figure (fig. 12) to be com- 
posed of four maxima, two on the meridian and 
two on the equator. Because of the breadth of 
these two distributions, it may be that we are not 
able to resolve the individual poles, and the 
maxima appear continuous. (Another possibility 
is that chains can tilt various ways with respect 
to a given lamella.) Thus, in some ways, biaxial 
rolling can be considered to be a superposition 
of the two structures obtained by uniaxial rolling 
in the two rolling directions. However, the 
lamellar tilts do not coincide for a given extent of 
roll (fig. 11). For  example, at L/Lo = 0.5, the 
lamellar tilt = 29 ~ for uniaxial rolling, while for 
biaxial rolling the lamellar tilt = 34 ~ This 
indicates that deformation due to biaxial rolling 
may not be as severe as that of uniaxial rolling. 
Consequently, deformation can occur by lamellar 
tilting even to L/Lo = 0.2. The tilt of  chains with 
respect to lamellae at this point is about 56 ~ 
which is approximately the angle at which the 
lamellae begin to break up during uniaxial 
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rolling. Presumably, lamellar breakup would 
occur if biaxially rolled films could be rolled 
beyond this point. 

On the basis of the results from biaxially rolled 
samples, the four-point SAXD pattern obtained 
in uniaxially rolled samples with the beam 
parallel to RD can now be explained. It has been 
shown that an increase of lateral dimension 
occurs upon uniaxial rolling (fig. 3). If  it is 
assumed that the entire increase in this dimension 
is due to a form of biaxial deformation, the 
increase in width at L/L o = 0.48 corresponds to 
an extent of roll of about 0.81 (fig. 3), i.e. 
uniaxial rolling to L/L o = 0.81 would give about 
the same increase in dimension. Comparing the 
four-point patterns obtained in each of the two 
cases(L/L o = 0.48 along R D ; L / L  o = 0.81 along 
TD), they are found to be nearly identical 
(a = 79~ = 78 ~ Thus, this seemingly anom- 
alous four-point pattern is a result of the increase 
in width of the uniaxially rolled samples. It is 
conceivable, then, that the maxima on the 
meridian of the (10i0)  WAXD pole figures 
(fig. 3) represents the chains which are within 
those lamellae giving rise to this secondary four- 
point pattern. In this sense WAXD and SAXD 
are consistent, i.e. a small amount of "biaxial" 
deformation is present on both the molecular and 
super-molecular scales. 

Aside from the small amount of "biaxial" 
deformation in uniaxially rolled POM, this 
deformation process has been shown (at least at 
low deformations) to consist of lamellar tilt in 
bands parallel to the roll direction. This tilting is 
probably due to a combination of tensile and 
normal forces exerted by the roller. However, a 
further variable is added since a shear stress 
distribution exists within the sample. This 
distribution is such that the maximum shear 
stress occurs at the roll surface and the maximum 
velocity occurs at the sample centre. (This latter 
phenomenon manifests itself in the fact that the 
centre of the leading edge of the sample bulges 
slightly.) Consequently, the edge of a given 
lamellae which is nearer the centre of the speci- 
men will tend to move slightly faster than the 
outer edge. This, superimposed on the tension 
and compression discussed earlier, presumably 
gives rise to the asymmetry observed in rolled 
POM. The importance of the shear stress 
distribution relative to the absolute magnitude of 
the forces involved will determine how asym- 
metric the specimen is. For  example, the smaller 
pair of maxima for rolled and annealed low 

density PE are too weak to be observed in some 
cases [4]. 

The most surprising feature of the results of 
annealing is that lamellar orientation changes 
significantly, while little change is observed in 
molecular orientation. For example, comparing 
tables I and IV for L/Lo = 0.55, the lamellar tilt 
(fl/2) for the unannealed sample is about 30 ~ 
while/3/2 = 40 ~ when the sample is annealed at 
t55~ In contrast to this, the molecular tilt 
remains at about 30 ~ to the roll direction. This 
indicates that the effect of annealing is to rotate 
the lamellae so as to increase the angle (8) be- 
tween the lamellar surface and the chain axis. 8 
will, therefore, approach its more natural value 
of  90~ In the case mentioned above 8 increases 
from 60 to 70 ~ with annealing. In addition, the 
annealing experiments (fig. 14) indicate that the 
lamellar breakup, leading to a fibrous component 
(meridional reflection of the six-point SAXD 
pattern), may be occurring to a small extent even 
at low deformations. 

The effect of rolling on the yield properties of 
polymers seems to be quite general, i.e. the yield 
stress is increased in the direction of rolling and 
is decreased in the transverse direction. However, 
specific details (strain to break, breadth of the 
yield region, etc.) depend on the polymer in 
question. Because little structural work has been 
reported on rolled polymers previously discussed 
in the literature, it is difficult to say why POM 
reacts differently, with regard to strain to break, 
from these polymers. On the other hand, it can 
be shown that the tensile properties of POM are 
consistent with the structural results discussed 
previously. 

When rolled POM is drawn along the roll 
direction, it line-draws until all the material is 
fully drawn. Then, and only then, will the 
sample break. On the other hand the material 
tends to break after yield and during line-draw- 
ing, when drawn perpendicular to the roll 
direction. This break always occurs at that 
portion of the tensile specimen which is then 
undergoing deformation, i.e. at the neck. 

A tensile stress, placed along the roll direction 
is nearly parallel (30 ~ ) to the molecules (and 
presumably tie molecules between lamellae). 
Consequently, it would be difficult for a crack to 
propagate perpendicular to this direction. The 
molecules can then rotate (30 ~ ) into the direction 
of strain in order to relieve the imposed stress. 
At this point lamellar order is lost (no SAXD 
spacing can be observed from about 15 ~ strain 
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to  a b o u t  30 ~ s t ra in ,  w h e r e  a f ibre p a t t e r n  is 

o b s e r v e d )  a n d  y ie ld ing  occurs .  H o w e v e r ,  a s t ress  
p l a c e d  in  t he  t r a n s v e r s e  d i r e c t i o n  is p e r p e n d i c u -  
lar  to  the  mo lecu l e s  ( a n d  tie molecules ) .  C r a c k s  
c a n  n o w  easi ly  p r o p a g a t e  p e r p e n d i c u l a r  t o  t he  
app l i ed  stress.  I t  n o w  b e c o m e s  a q u e s t i o n  o f  

w h e t h e r  cha ins  are  ab le  to  r o t a t e  a full  90 ~ in to  
t he  s t ress  d i r e c t i o n  b e f o r e  c r ack  p r o p a g a t i o n  a n d  
c a t a s t r o p h i c  fa i lure  can  occur .  
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