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Characterization of the Orientation Structure and 
Distribution in Rolled Polypropylene 

W.B. Lee, S.Z. Wu, and M.S. Song 

The polymer orientation structure in rolled polypropylene sheets was studied by polarized-light micros- 
copy, scanning electron microscopy, and wide-angle x-ray diffraction. The initial spherulites became de- 
formed to a pancake shape as rolling deformation proceeded and became more perfectly aligned as the 
rolling procedure continued. Most polymer crystallites were oriented with their b-axis nearly perpen- 
dicular to the rolling direction, as shown by x-ray pole figures. Even-order(Pn(cosX))c coefficients of the 
Legendre polynomial series (n = 2 to 10) describing the c-axis or orientation distribution of the molecular 
chains were determined from measurements of polar angle scan using the transmission technique. The 
(Pn)c (n = 2 to 10) curves calculated from the pseudoaffine deformation theory agreed with the experi- 
mental data. 
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1. Introduction 

ORIENTATION structure is an important factor in producing 
polymer materials with outstanding physical properties. The 
solid-state deformation of  thermoplastics by rolling, extrusion, 
or drawing remarkably improves mechanical properties such 
as high modulus, high strength, and good formability in the 
elongation direction. This enhancement of  macroscopic prop- 
erties stems from the polymer chain orientation that develops 
during processing. Therefore, characterization of  the orienta- 
tion structure distribution at the molecular level is important in 
terms of  prediction of  the properties of oriented materials and 
better comprehension of  the influence of the different process- 
ing parameters. 

Polarized-light microscopy and scanning electron micros- 
copy (SEM) are the qualitative methods used to observe micro- 
structure as it changes from an original isotropic state to an 
anisotropic state of  lamina at moderate deformation and to a fi- 
brillar state at large deformation. Wide-angle x-ray diffraction 
(WAXD) is now commonly used in the quantitative study of the 
molecular orientation in semicrystalline polymers. It provides 
a direct sampling of the orientation distribution N(X,~) of  the 
crystal axes with respect to the specimen macroscopic refer- 
ence directions. This is because the intensity, at a given angle to 
the meridian, is related to the number of  crystallites inclined at 
some angles to the orientation direction. According to the sta- 
tistical averages of the orientation distribution function (ODF), 
this result can be used to quantify the orientation distribution of 
the crystallites in a polymer. A WAXD investigation of  a given 
crystallographic reflection through the rotation of  the X and 
angles at a fixed Bragg angle (2 0) gives a pole figure, which is 
a map of the density of  the normal to the investigated crystal 
plane in the specimen reference system. If  the specimen exhib- 

W.B. Lee and S.Z. Wu, Department of Manufacturing Engineering, 
Hong Kong Polytechnic, Hung Hom, Kowloon, Hong Kong; and M.S. 
Song, Department of Polymer Science and Engineering, Beijing Uni- 
versity of Chemical Technology, Beijing, China. 

its cylindrical symmetry about its deformation direction (DD), 
instead of  a whole pole figure analysis, the rotation of  the speci- 
men around its polar angle X is sufficient to reveal the orienta- 
tion distribution N(X,~) of  the crystal axis. 

Graphical representations such as polar scans or pole fig- 
ures yield explicit information on the orientation distribution of  
a particular crystal plane. However, it is necessary to relate data 
from different crystallographic reflections to completely de- 
scribe the molecular orientation that determines the mechani- 
cal performance of  polymer materials. In addition, reflections 
from crystal planes that are perpendicular to the polymer chain 
(001) are usually absent or too weak to be analyzed with suffi- 
cient accuracy. Thus, the polymer chain orientation distribution 
must be ealculated from measurements made on other crystal 
planes. Roe and Krigbaum (Ref 1-3) have described the 
method of  pole figure inversion to calculate the orientation of  
any crystal plane from the measured distribution functions of  
different (hkl) reflections. Their analysis can be applied to an 
oriented semicrystallite polymer such as polyethylene (PE) or 
polypropylene (PP) at low or moderate deformation ratio. The 
crystal orientation is characterized by determining the (Pn)c co- 
efficient of  the Legendre polynomial series distribution func- 
tions (i.e., Herman's orientation function). In this study, the 
molecular orientation structure of  isotactic polypropylene (i- 
PP) sheets deformed by rolling to a thickness reduction of  80% 
was investigated by polarized-light microscopy, SEM, and 
WAXD. 

2. Experimental Method 

2.1 Materials 

Square sheets of  i-PP (Goodfellow Cambridge Ltd.), 2.5 
mm thick and 100 mm wide with a melt index of  8, were pre- 
pared by molding at 200 ~ and quenching in water. Transpar- 
ent oriented sheets were obtained by single-pass rolling at room 
temperature. The oriented sheets had reduction ratios from 25 
to 80%, with thickness ranging from 0.7 to 1.8 mm. 

Journal of Materials Engineering and Performance Volume 5(5) October 1996---637 



(a) (b) 

(c) 

(d) (e) 

Fig. 1 Optical micrographs, taken through crossed polarizers, of rolled PP sheet for different reduction ratios. (a) 0%. (b) 19%. (c) 33%. 
(d) 49%. (c) 63% 
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2.2 Polarized-Light Microscopy 

Specimens about 18 Ixm thick were microtomed from the 
molded PP and rolled PP sheets and observed with a Nikon op- 
tical microscope equipped with crossed polarizers. The origi- 
nal sheet was isotropic with spherulites (-45 I.tm diam), many 
of  which showed a uniform Maltese cross structure. Figure 1 
presents five polarized optical microphotographs of  i-PP. As 
deformation proceeds, the spherulite assumes a pancake shape. 
Figure 2 shows the spherulite deformation schematically. At 
high reduction ratio, the layer structure is composed of  a stack- 
ing of  deformed spherulite planes. The compression ratio, ~,, is 
defined by do~d, where d o and d are the sample thickness before 
and after rolling, respectively, and equals 1/(1 - r), where r is 
the thickness reduction ratio. If  the deformation is affine, there 
is a relationship of ~. = DolD (= do~d), where D O and D are the 
diameters of  the unrolled and rolled spherulites perpendicular 
to the rolling direction, respectively. Figure 3 shows D values 
as a function of  the reduction ratio, r. The relation between D 
and r is almost linear, implying virtually affine deformation. 
Therefore, the layer order and thickness can be controlled by 
varying the amount of  the reduction ratio and the quenching 
temperature. 

2.3 Scanning Electron Microscopy 

Samples with different reduction ratios were immersed in 
liquid nitrogen and broken along the rolling direction to expose 
their fracture surfaces, which were observed using SEM. The 

results are shown in Fig. 4. No structural anisotropy was appar- 
ent in the original PP sheet, which exhibited flakelike features. 
These features persisted at a reduction ratio of 75%, although 
they were definitely elongated in the rolling direction. The ap- 
pearance of  a fibrous texture began at a reduction ratio of about 
75%, and the fibrils themselves could be seen at a reduction ra- 
tio of 80%. Fracture of the PP by roll drawing produces a simi- 
lar surface (Ref 4). 

2.4 Wide-Angle X-Ray Diffraction 

Specimens of  PP sheets were examined in a Philips x-ray 
diffractometer (model PW1830) by using nickel-filtered Cu- 
Kct radiation (0.15406 nm) operated at 40 kV and 35 mA. The 
incident beam was collimated using a Soller slit with a 1.5 mm 
pinhole, Detection of  the diffracted intensity was provided by a 
scintillation counter. The geometry of the experimental setup is 
shown in Fig. 5. All curves for Bragg scan (20) and polar scan 
(Z) were recorded using the transmission technique. For the ori- 
entation measurements the polar angle (Z) defining the rotation 
of the sample around the normal to its surface was rotated from 
0 ~ to 90 ~ in half-degree steps, with Z = 0~ corresponding to the 
rolling direction. The pole figures of  (110) and (040) in Fig. 6 
were plotted based on the reflection technique, with ~ = 0 ~ cor- 
responding to the rolling direction. 

3, Results and Discussion 

3.1 Structural Properties 

The structure of the as-molded and as-rolled isotactic PPcan 
be qualitatively discussed in light of the experimental results. 
According to the polarized-light and SEM photographs, the 
original PP sheet exhibited an isotropic structure composed of  
small spherulites. During rolling, the structure transformed 
from isotropic to lamellar at moderate deformation and to fi- 
brillar at large deformation. Based on the tie molecule model of  

Fig. 2 Schematic of the rolled spherulites in macroscale (a) and 
on the spherulite scale (b). DO, diameter of unrolled spherulite; D, 
diameter of deformed spherulite along the compression direction 
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Peterlin (Ref 5), the spherulitic structure in the small reduction 
ratio consists of densely packed parallel lamellae intercon- 
nected by a few tie molecules. Deformation at reduction ratios 
of  less than 75% is insufficient to induce the transformation of 
lamellae to fibrils, since no fibrils were evident in the SEM mi- 
crographs shown in Fig. 4(a) to (c). In our study, fibrils were 
visible at a 75% level of  reduction (Fig. 4d). It can be expected 
that as the reduction ratio increases, modulus and strength 
could rise as the aspect ratio of  the fibrils increases, which 
could result in better alignment of  the molecular chain in the 
rolling direction. This can also be confirmed by pole figures. 
Figures 6(a) and (b) are the pole figures of  the (110) and (040) 
crystal planes, respectively, for the rolled PP sheet. Most of the 
polymer crystallites were oriented with their b-axis nearly per- 
pendicular to the rolling direction, and the polymer chains (c- 
axis) were oriented along the rolling direction. 

Plots of diffracted intensity against the Bragg angle 20 had 
the usual appearance: a sequence of  discrete peaks rising from 
a low, slightly curved baseline. The particular kinds of  crystals 
present determine at which angles of  20 there will be peaks, and 
structural features such as the fraction of crystallinity and tex- 
ture of the specimen influence the actual height or intensity of 
the peaks. Here, PP crystals of  the monoclinic a form with unit 
cell parameters o f a  = 0.667 nm, b = 2.084 rim, c = 0.6495 rim, 
and 13 = 99.33 ~ are expected. Their presence is confirmed by 
observation of peaks at 20 equal to 14.10 ~ , 17.00 ~ , 18.56 ~ , 
21.27 ~ and 25.63 ~ which is in a good agreement with calcu- 
lated values of 14.12 ~ 17.01 ~ 18.55 ~ 21.35 ~ and 25.65 ~ for 
diffraction planes of  r i-PP corresponding to respective 
Miller indices of (110), (040), (130), (111), and (060). Table 1 
lists the 20 and r angles for the different crystal planes that 
were investigated. 

For all samples, the measurements indicate that the orien- 
tation distributions o f  the different crystal reflections are 
centered at the 0 angle defining their inclination with respect 
to the c-axis. Figure 7 presents Bragg angle 20 scans taken at 
polar angles (X) of  0% 20 ~ 50 ~ and 90 ~ for the oriented PP 
sheet with a reduction ratio of  75%. The molecular chains 
are aligned in the rolling direction, as can be anticipated in 
the rolling process. 

3.2 Orientation Distribution Calculations and ( Pn)c 
Coefficients 

It is convenient to imagine that the partially oriented poly- 
mer can be regarded as an aggregate of units of structure. Deter- 
mination of  its orientation distribution, N(X, 0), which can be 
achieved by x-ray pole figure measurements, is required in or- 
der to characterize the molecular orientation in a polymer sam- 
ple. For uniaxially oriented polymer samples, the orientation 
distribution of a given structural unit often exhibits cylindrical 
symmetry about its deformation direction. The orientation dis- 
tribution is then reduced to N(2), which can be represented by a 
series in even terms of  the Legendre polynomials, Pn(cos 2) 
(Ref 2, 6, 7) 

.[ 

N(X) = 2~ + ~ (V,,(cos Z)) P. (cos X) 
n=O 

(Eq 1) 

Table 1 Calculated and experimental values of the Bragg 
angle (20) and the angle ~b included between the normal to 
the (hkl) plane and the c-axis for different i-PPerystai 
reflections 

Calculated Experimental 
(hkO 20 0 20 

(110) 14.10 90.0 14.12 90.0 
(040) 17.00 90.0 17.01 . 90.0 
(130) 18.56 90.0 18.55 " 90.0 
OlD 21.27 50.02 . . . . . .  
(T31) 21.84 51.23 21.35 50.19 
(041) 21.97 51.51 ... 
(060) 25.63 90.0 25]65 90.0 
(022) 29.31 19.41 29.19 19.73 
(T12) 29.24 20.01 
(113) 42.50 11.02 42]53 li]i8 

where the(Pn(COS 2)) coefficients are obtained by taking an av- 
erage over all the orientations in the sample. Only the even 
(Pn( cos 2)) values are essential to characterize the crystal plane 
orientation, since the odd coefficients are equal to zero because 
of symmetry (Ref 6). For unoriented samples, all coefficients 
are equal to zero, except the zeroth-order one, which is equal to 
unity. For a perfect orientation of  the structural units along the 
deformation direction, all the coefficients would be equal to 
unity. 

Calculation of the (Pn) coefficient can be made using the 
equations in Ref 1 and 2: 

f90 l*(Z)Pn (cos ~) sin zdx 

(P.) ~ (P.(cos Z)) = o 
9o I*(~) sin ~dx 
0 

(Eq 2) 

where the corrected intensity at an angle 2, I*(X), is achieved 
by subtracting the background from the minimum value of the 
intensity in polar scan. The value of  the Legendre polynomial 
of  order n at the angle 2, Pn (cos Z), was computed from the re- 
currence relation (Ref 2): 

(n + 1)P n + l(COS X) = (2n + 1) cos XPn(COS ~) - nP n_ l(COS X) 

(Eq 3) 

Using P0 (cos X) = 1 and P1 (cos ~) = cos X as starting values, 
the following coefficients are derived: 

P2(cos ~) = 1 (3cos2 ~ _ 1) (Eq 4a) 

P4(C~ ~) = 8 (35 cos 4 ~ - 30 cos  2 ~ + 3) (Eq 4b) 

! 
P6 (COS ~) = "~6 (231 cos 6 ~ - 315 cos 4 X + 105 COS 2 X - 5) 

(Eq 4c) 

640---Volume 5(5) October 1996 Journal of Materials Engineering and Performance 



(a) (b) 

(c) 

(d) (e) 

Fig, 4 SEM micrographs of rolled PP sheets for different reduction ratios. (a) 0%. (b) 50%. (c) 66%, (d) 75%. (e) 80% 
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(Eq 4d) 

T9 

1 
Pl0 (cos X) = ~ (46,189 cos l0 % - 109,395 cos 8 X 

- 30,030 cos 6 ~ + 3465 cos 4 X - 63) (Eq 4e) 

The numerical integration of Eq 2 was performed using Simp- 
son's rule. 

RD DifFracted 
X-toys 

' /  / / /  ~ 

/" J /" 

Incldent " ~  X-roys -,,"~ [ 

y ' 

Fig. 5 Experimental setup for orientation measurements by 
WAXD using symmetrical transmission geometry. RD, rolling 
direction; TD, transverse direction; ND, normal direction 

\ 

It is general practice in polymer crystallography to set the c- 
axis parallel to the direction of the molecular chains. For poly- 
mers with crystal reflections parallel to the c-axis, the 
coefficients (Pn)c describing the molecular orientation can be 
acquired directly from x-ray measurements, such as has been 
done for the (002) crystal planes of oriented PE (Ref 8-10). 
However,  this is not possible for i-PP, which has a monoclinic 
unit cell and a (OOl) crystal that is absent in Bragg angle scan. 
For orientation distributions that have cylindrical symmetry, 
the Legendre polynomial coefficients relative to the c-axis 
(molecular chain) orientation, (Pn)c, can be calculated from the 
coefficients computed from a given (hkl) reflection, (Pn)hkl 
(Ref 8, 10): 

(Pn)hkl (Eq 5) 
(Pn)c - Pn(COS ~hkl) 

where ~hkl is the angle between the (hkl) plane normal and the 
c-axis. 

Table 2 (Pn)c coefficients calculated from the experimental  
orientation distribution for PP sheet with a reduction ratio 
of  75 % 

n (uo) (o4o) (13o) (hk/,,) 

2 0.7889 0.7426 0.6680 0.6403 
4 0.6860 0.5656 0.4617 0.5732 
6 0.4753 0.4842 0.4696 0.3564 
8 0.4035 0.3942 0.4243 0.2926 
10 0.3128 0.3056 0.3161 0.2119 
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The reflection from (110), (040), (130), and (111)/(]31)/(041 ) 
crystal planes are used to calculate the orientation function 
(P,)hkl" Table 2 gives the coefficient (P,)c values of PP sheet 
with a reduction ratio of  75%. Figure 8 shows the polar scan re- 
sults for the different crystal planes studied. The value of the 
background intensity for each reflection (caused by amorphous 
and air scattering) was taken equal to the minimum intensity in 
the baseline region of the scan after smoothing (Ref 11). Be- 
cause of the weak intensity of  (022)/(]12) and (]13) crystal 
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That the deformation of crystalline polymers did not follow 
the affine deformation scheme of rubber elasticity was an early 
recognized fact. Crawford and Kolsky (Ref 11) concluded that 
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R o i l i n g  d i r ec t i on  

Fig. 10 Pseudoaffinedeformation 

0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 

Fig. 9 (Pn)c(n -= 2 to 10) theoretical curves compared with ex- 
perimental data (points) 

the birefringence was directly related to the permanent strain, 
and they suggested a model of  rodlike units rotating toward the 
deformation direction. This deformation model assumes that 
the polymer is a two-phase system composed of  transversely 

isotropic rigid units embedded in a deformable matrix. The 
evolution of  orientation proceeds through the rotation of  the 
unique axis of  these rigid "floating rods" toward the elonga- 
tion direction. The fundamental mathematical step in the 
theory is illustrated in Fig. 10. The orientation of  a single 
unit is therefore defined by the angle between its symmetry 
axis and the deformation direction. It is supposed that the 
symmetry axes of  the anisotropic units rotate in the same 
manner as lines joining pairs of  points in the macroscopic 
body, which deforms uniaxially at constant volume. This as- 
sumption is similar to the "affine" deformation, but ignores 
the required change in length of  the units on deformation. 
Such "pseudoaffine" deformation is particularly useful in 
predicting mechanical anisotropy for crystalline polymers 
because it enables (P,,)c to be calculated as a function of  de- 
formation ratio. The angle Z in Fig. 9 thus changes to Z', and 
it can be shown that: 

, tan X 
tan Z = ~ / ~  (Eq 6) 
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where ~, is the deformation ratio, equal to the compression ratio 
in rolling procedures. This relationship can be used to calcu- 

late the orientation distribution for the units in terms of  the 
compression ratio. 

For uniaxial deformation, the resulting orientation distribu- 
tion of  the molecular axis is given by (Ref 12): 

~k 3 

q(x) = 2~(cos 2 ~ + ~3 sin 2 ~)3/'2 (Eq 7) 

Equation 8 can be used to calculate the coefficients (Pn)c of 
the c-axis (001 crystal): 

f90 q(~) x Pn (cos z)d)~ 

(Pn)c = 0 (Eq 8) 
o q(x)d)~ 

o 

The theoretical curves of(P,~)c for n values from 2 to 10 versus 
compression ratio are illustrated in Fig. 9, which shows good 
agreement with the experimental results calculated from Eq 5. 
When n is equal to 2 or 4, the results are identical with the early 
conclusions reached by Ward (Ref 13). 

Figure 11 is the theoretical curve of the orientation distribu- 
tion q(~) compared with the experimental data N(Z). The ex- 
perimental data at a large reduction ratio are lower than the 
theoretical data by reason of  the small t value (only 10) used in 
Eq 1. Thus, at large deformation a large t value should be used 
to calculate N(Z). 

4. Conclusions 

In this work, the structural properties obtained during roll- 
ing of  PP sheet were studied by polarized-light microscopy and 
SEM. The diameter of  the deformed spherulites (pancake 
thickness) decreased linearly with reduction ratio. Fracture sur- 
face studies showed that the initial isotropic structure is dis- 
placed by layers of  fibrils at high deformation. The replacement 
by an oriented layered structure is completed at a reduction ra- 
tio of  about 75%. The polymer chains are aligned along the roll- 
ing direction, and the alignment becomes more perfect as 
rolling proceeds. The theoretical relationship of (Pn)  c versus 
compression ratio for various crystal planes of  the monoclinic 
unit cell of  i-PP has been calculated from pseudoaffine defor- 
mation theory. The experimental values of  (Pn)c coefficients 
relative to the molecular chain orientation for n values from 2 
to 10 were determined from WAXD measurements and were 
found to fit well with the theoretical curves. The orientation 
distribution of the molecular chains, which cannot be measured 
directly because of  the absence of  crystalline reflection parallel 
to the carbon backbone such as (00/), could be calculated by us- 
ing a series expansion of  the Legendre polynomial distribution 
function. 
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