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Chapter I 

Low Molecular Weight Nematics 

1.1. Introduction 

Liquid crystal polymers (LCPs) are a new class of low-density materials with 

extraordinary strength, thermal stability, and chemical resistance. They promise consid-

erable potential for a number of high-performance applications, including molded parts 

and fibers. The tensile strength of Kevlar fibers, for example, ranges from 20 to 30 

gmjdenier (2.6X lOg to 3.85 X lOg Pa), while that of steel ranges from 3.0 to 4.5 

gmjdeniet (2.03Xl0g to 3.05Xl0g Pa) (Jerman and Baird, 1981). The origin of these 

properties is the rigidity of the backbones of the molecules. LCP molecules typically 

have a highly aromatic composition, which results in substantial bond delocalization 

along the backbone and a highly extended chain conformation. Because of this rigidity, 

the free energy of the microstructure is lowest when the LCP molecules are arrayed 

nearly parallel to each other, even in the fluid state. This array of molecules is called a 

liquid crystal. 

Several types of liquid crystal are known. They are grouped broadly into 

nematic , cholesteric , and smectic liquid crystals. These are drawn schematically in 

Fig. 1.1. The nematic is the liquid crystal with the lowest order. The orientations of 

the molecules of a nematic are· dispersed randomly about a mean orientation. A nematic 

is generally characterized in the literature by a single parameter, the Hermans order 

parameter, defined as the following: 

n 
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a) nematic 

b) cholesteric 

c) smectic 

Fig. 1.1. Nematic, cholesteric, and smectic liquid crystals 
{after de Gennes, 1074). 
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Ill <3cos2w-1 > , 

where w; is the angle between the i th molecule and the mean orientation. The order 

parameter represents the dispersion in orientation of the molecules about the mean 

orientation. It is also the first non-zero term of the expansion in Legendre polynomials 

of the orientation distribution of the molecules. (See Chapter II.) The order parameter 

equals 1 when the nematic is perfectly ordered (that is, when all of the molecules are 

aligned parallel to each other). When the molecules are completely disordered, I = 0. 

In practice, I for a nematic is less than unity because of thermal motion of the 

molecules. The order parameter ranges typically from 0.4 to 0.8, with the lower values 

occuring close to the nematic-isotropic transition. 

A cholesteric liquid crystal is similar to a nematic in a given plane: the order of the 

molecules is random about an average orientation. A cholesteric has the additional 

order that the mean orientation varies smoothly from one plane to another. The 

amount by which the mean orientation changes between planes is called the pitch of the 

cholesteric. Often the pitch is on the order of the wavelength of light. For this reason, 

choJesterics are often coJorfuJ, and they are DOW finding application in color displays. 

Smectics have the highest order of the three types. The molecules are stacked in rows 

in a given plane. In each row, the orientation of the molecules is random about an aver

age orientation. 

The ordering of the molecules into arrays gives liquid crystals properties that have 

no parallel in other Huids. For example, liquid crystals are capable of sustaining a 

torque. The liquid crystal will not How unless a sufficient stress is applied. As another 

example, the viscosity of liquid crystals is not isotropic. Shearing in the direction of 

~ c;:::. 
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orientation of the molecules requires significantly less force than shearing perpendicular 

to the orientation. Finally, the liquid crystal interacts strongly with the boundaries con

taining the Huid, resulting in substantially different ftow characteristics for differing 

boundaries. 

In this chapter, the differences between liquid crystals and conventional Huids will 

be outlined as an introduction to the study of liquid crystal polymers (LCPs). The 

equilibrium free energy of structure of nematics will be reviewed, and the theory of How 

of low molecular weight liquid crystals will be discussed. (The rheology of LCPs is 

reviewed in Chapter IV.) The qualitative discussion will apply equally to all three types 

of liquid crystal. Specifics, however, will be confined to nematics except where noted, as 

the liquid crystal polymers used in this study were oematies. Another reason to examine 

nematics specifically is that nematics have the highest symmetry and therefore involve 

the least mathematical complexity. 

Much of the language developed here will be useful in discussing LCPs in subse

quent chapters. Much of the material in the chapter is drawn from the more detailed 

discussions of de Gennes (1974), Stephen aqd Straley (1972), Leslie (1979), Ericksen 

11967,1976), and Chandrasekhar (1977). 

1.2. Static Distortions in Nematics 

Like toothpicks in a box, the molecules in a nematic liquid crystal have the closest 

packing when they are aligned parallel to each other everywhere. Close packing is favor

able thermodynamically because of the attraction between molecules, although thermal 

diffusion randomizes the packing to some extent and so is responsible for order parame

ters less than unity. In most situations, however, constraints are imposed on the 

"-' '-" 
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nematic that do not permit this ideal alignment. Typical constraints might be an 

imposed field, either magnetic or electric, or anchoring at a surface. In such cases, the 

gradients in the orientations of the molecules arising from the imposed constraints cause 

local stresses in the fluid. A useful analogy is ail undried stick of wood: bending the 

stick requires imposing a stress. These stresses are completely elastic. Ir the constraints 

are relaxed, the gradients in orientation of the liquid crystal molecules will also relax. 

The deformations in the nematic can be classified into three types, bend, splay, and 

twist deformations. Examples of these are displayed in Fig. 1.2, in which the origin of 

the deformations is anchoring of the liquid cyrstal molecules to two misaligned surfaces. 

It should be noted that two orientations of the molecule at the surface are possible, 

homogeneous (parailel) and homeotropic (perpendicular) alignment. The surfaces can be 

prepared in general to achieve either alignp1ent. Rubbing is common to achieve hom<r 

geneous alignment (Chatelain, 1943), while to achieve homeotropic alignment the surface 

is often coated with specific polymers. The direction in which the liquid crystal is 

aligned with respect to the wall is called the easy axis of the. wall. Surface alignment, 

with particular application to liquid crystal devices, is reviewed by Kahn {1982). 

The length scale I of the distortions· is much larger than molecular dimensions. 

Typically, I is on the order of microns, while low molecular weight liquid crystals are 

about 20 A long. The deformations may therefore be accurately represented by a con-

tinuum theory, which disregards changes in orientation on a molecular scale. The first 

step in developing this continuum theory is to replace the mean orientation and the 

order parameter f as measures of ordering in the liquid crystal with a single parameter, 

called the director, n. The director is a vector that points everywhere in same direction 

Splay 
(div n ~ 0) 

.. 

_-Glass 

:,-~ 

;.-. 7 
Twist 

(curl n II n) 

Bend 
(curl n .1 n) 

Fig. 1.2. Twist, splay, and bend distortion~ in a nematic 
(after de Gennes, 1074). 
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as the local mean orientation. Since the molecules may point in either direction, n is 

indistinguisha~le from -n. There is no continuum analog of the order parameter, 

although it should be expected &hal the degree of ordering of the liquid crystal will 

inHuence the material parameters of the theory. (An alternative formulation of the free 

energy due to Landau, 1937; Landau and Lifshitz, 1958 includes the order parameter 

explicitly. There are theoretical difficulties with such a formulation, however. See 

Stephen and Straley, 1974, for a discussion.) 

Having established a continuum orientation, the free energy of distortion per unit 

volume F~ can be calculated. There are limitations that can be immediately imposed on 

an expression for the free energy. First, F~ must be even in n. This is because, again, 

n cannot be distinguished from -n. Second, there can be no terms that are linear in 

'i7R. Only two terms linear in 'i7R are invariant under rotation: 'i7ii and ii ·'i7Xii. 

The first is not even in n, and so it may be discarded because of the first condition. 

The second changes sign under the transformation :z -+-:z, JI-+-JI, z -+-z, and hence 

cannot describe a nematic, which is centrosymmetric. (Cholesterics are not centrosym-

metric, however, and a term of this form must therefore be retained in the expression of 

their free energy.) Third, terms of the form 'i7·a, where a(r) is an arbitrary vector 

field, can be disregarded because of the following identity: 

f 'i7·a err = f a -is 

where the second intergal is ~ surface integral (iS is normal to the surface at each 

point). Terms involving 'i7a therefore contribute only to the surface energy of the 

liquid crystal, and not to the volume energy (Ericksen, 1962a). 

<II:! .... 
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The subsequent development of the expression for the free energy of deformation is 

somewhat tedious, and so it will not be reproduced here. Readers interested in the 

details may find them in de Gennes (1974), for example, or Stephen and Straley (1974}. 

An essential assumption of the development, however, is a form of Hooke's law, that is, 

that the curvature stresses are proportional to the curvature strains. Equivalently, the 

free energy density is assumed to be a quadratic function of the curvature strains, and 

the analogs of the elastic modulii appear as coefficients. The result, due primarily to 

Frank (1958}, Zocher (1933), and Oseen (1933), is the following: 

F~ = tAK 1('i7n)2 +~AK:z(n·'i7Xii)2 +v.K3(nX'i7Xn)2 • (l.l) 

In (1.1), K 1 is the elastic coefficient associated with splay; K 2 is the coefficient for twist; 

and K 3 is the coefficient for bend. The previous claim that nematics can withstand an 

imposed torque can now be made quantitative. Let the liquid crystal director be 

anchored parallel to the easy axes of two plates separated by a distance L . The angle 

between the axes is 1/J. The distortion energy of the nematic is, from (1.1}, 

F _ K2 ~, 
4- 2L 

so that the torque between the two plates, which is transmitted by th~ nematic, is 

8F4 K 2 
al{J =1:1/J. 

The elastic constants K 1 through K 3 may be measured in a number of ways. The 

most common way has been to find the electromagnetic force required to impose a 

strain, either bend, twist, or splay, on the liquid crystal. The magnetic properties of 

nematics are discussed in detail in Chapter Ill, but brieOy, the magnetization of a liquid 

"' :• 
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crystal is anisotropic because the nematic has direction. The magnetic torque can be 

found from a single quantity, the anisotropic magnetic susceptibility x., defined as the 

difference between the susceptibility of the nematic when the director points in the 

direction of the magnetic field and the susceptibility of the nematic in the transverse 

direction (perpendicular to the field): 

Xo =X II -X I · 

The magnetization of the nematic is M =X 1 R + Xo (/1-;i)il, where R is the applied 

field, and the torque on the liquid crystal is (de Gennes, 1974) 

r M = x. H 2sinl/x:os.P' (1.3) 

where .p is the angle between the director and the applied magnetic field H. Magnetic 

susceptibilities can be measured with little difficulty (See Chapter Ill.). A typical value 

of x. is that for P AA: x. = 1.21 X w-1 at 121. C (de Gennes, 1914). 

Given that the torque from an applied magnetic field can be .calculated, tbe elastic 

constants can be found by constructing an experiment that puts the elastic stress in 

competition with the magnetic field. An example of such an experiment is shown in Fig. 

1.3. A magnetic field is applied perpendicular to the easy axis of a wall. Close to the 

wall, the director of the nematic is parallel to the easy axis. Far from the wall, the 

director is parallel to the magnetic field. In between, there is a transition region. The 

equilibrium orientation field of the director from the wall to infinity is given by the bal-

ance between the elastic forces and the magnetic forces. This balance is the following: 

d2.p 
K 2--2 + x. H 2sini/Jcos,P = 0 , 

dy 
(1.4) 

where y is the direction normal to the wall. In this geometry, the appropriate elastic 

Easy axis 
of wall 

X 

.. f")ll 

Nematic 

.r } I . L... • .,.. L y 
I 
I H 
I 
I t 2 (H) I 

-----1 -I 
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Fig. 1.3. Competition between the orienting effect of a wall 
and the body force of a magnetic field 
(after de Gennes, 1074}. 
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constant is K 2, the elastic constant for twist. The solution to (1.1) is the following (de 

Gennes, 1974): 

where u = 7T/2- 1/J and 

_, 
tan(u /2) = e T., 

e2 = (K 2/x. )"' 

( 1.5) 

( 1.6) 

where e2 is called the magnetic coherence length for twist of the nematic. Thus by 

measuring the magnetic coherence length, the elastic constant can be determined. For 

II = 104 oerstedts (B = 104 Gauss), K 2 R=< 10~ dynes, e2 ""'=' 3 pm, so that light 

scattering experiments offer the possibility of measuring the elastic constants. 

In practice, the elastic coefficients are more easily measured when the nematic is 

contained between plates of fixed separation. Applying the field causes the alignment of 

the nematic to change from that of the easy axis of the wall to parallel to the field. 

Because of the nematic elasticity, there is a critical field strength at which this change in 

alignment begins. The change in alignment, commonly known as a Frederiks transition, 

can be detected between crossed polarizers using conoscopic observation. Analysis of the 

transition leads to 

11, d = constant , ( 1.7) 

where d is the spacing between the plates. The field at which the transition occurs is 

given by an expression similar to (1.6) (de Genncs, 1974): 

II, = l 7 u :.2 r . ( 1.8) 

Analogous experiments can be constructed to find /( 1 and K 3. It should be noted, 

.. ~ •: 
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however, that the elastic constants can be successfully determined from the Frederiks 

transitions only if the liquid crystal molecules can be anchored with a known orientation 

at the wall. There are also experimental complications associated with detecting the 

precise point at which distortion of the alignment begins (Tough and Raynes, 1979). 

Better estimates of the elastic constants result when the alignment is measured over a 

wide range of fields above the critical field and the elastic constants are fit to the da~a; 

references for these measurements can be found in the review of Leslie (1983). 

Elastic constants have been determined with these experiments for several nemat-

ics. For p-azoxy anisole at 120' C, the elastic constants are the following (references for 

the measurements are cited in de Gennes, 1974, p 64): 

K I = 0.7 X 10-6 dynes 

K 2 = 0.43 X 10~ dynes 

K 3 = 1.7 X 10-6 dynes 

The bending constant is the largest of the three constants. The elastic constants are 

found to decrease sharply as temperature increases. They are approximately propor-

tional to the square of the order parameter (de Gennes, 1974). (This dependence is the 

consequence of not including the order parameter explicitly in the expression for the free 

energy.) More complete descriptions of the dependence of the elastic constants on tern-

perature are given by Gruler (1973) and by Stephen and Straley (1974). 

In many practical instances, ( 1.1) is too complicated to be useful, or the elastic con-

stants are unavailable·. In such cases, the approximation that all of the coefficients are 

equal, i.e, 

-'! :.. 
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K 1 =K 2 =K 3 =K, 

significantly reduces the complexity of the expression of the free energy. The free energy 

then becomes 

F~ = 111 K I("J·n)2 + ('VXn)21. {1.8) 

When the minimum free energy is sought, the expression is even simpler. Taking the 

variance ofF~, it is foun_d that (de Gennes, 1974) 

r = K 'V2n , {1.9) 

where Ti is the minimum free energy. Ti is sometimes called the molecular field of the 

nematic. (The name derives from the ell'ect of magnetism on the molecular orientation.) 

The molecular field is related to the total free energy by the following: 

F,.,., = I Ti ·rlr 

Equation ( 1.9) states that the director must be everywhere parallel to the molecular field 

at equilibrium. 

1.3. Defecta in Nematics 

From the thermodynamical arguments presented above, one might have the 

impression that in liquid crystals of arbitrary size the director must be uniform unless 

an external strain is imposed upon it. In fact, in samples of more than about 100 pm 

thickness, threads and lines are commonly observed iii liquid crystals. These filaments 

are not impurities, as was once thought, but stable defects in the liquid crystal, as was 

first deduced by Lehman (1904} and Friedel (1922}. Defects in a liquid crystal are analo

gous to defects in a solid crystal, except that instead of holes they are regions over 

• :·~ 
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which the director cannot be determined. They may also be much larger than defects in 

a solid crystal, extending over distances of many microns. 

Defects may be only of two types: point and line defects. A third possible type, a 

surface defect, is energetically unfavorable and spontaneously smears out into a smooth 

variation of the director. (In the presence of magnetic fields, however, walls can appear 

in the nematic separating two regions aligned by the field. See de Gennes, 1974, and 

Chandrasekhar, 1977.) Examples of line and point defects are drawn in Fig. 1.4. Other 

examples can be found in the books by Kleman (1983) and de Gennes (1974), and in the 

review by Brinkman and Cladis (1982). The line defects are commonly called disclina

tiom. The word was introduced by Frank {1958) to suggest their origin, wh)ch is an 

abrupt change in the director, or "inclination", of the nematic. Point defects are n'ow 

also sometimes called disclinations, in which case point and line defects are distinguished 

by the terms 'point' and 'line disclinations'. 

The Cree energy of distortion introduced by the disclination depends on the degree 

to which it distorts a uniform director field, which is the lowest energy state attainable. 

The amount of distortion is determined by the strength of the disclination, where the 

strength m is the number of times the director changes by 21r when a closed path is fol

lowed around the disclination. Half-integer multiples are possible values of m as well as 

integer values, because ii cannot be distinguished from -ii. The lowest strength of a 

disclination is therefore m = ±1/2. 

The free energy of distortion of the disclination can be calculated from the shape of 

the director field and Eq. (1.7}. de Gennes (1974} has calculated the free energy of a 

wedge distortion (Fig. 1.5}, which is a line disclination, using the one-constant expression 
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a) 

\~ \ . 

\ =--- ----1 /;-
---b) 

Fig. 1.5. A wedge disclination (after de Gennes, 1974). 

--
Fig. 1.4. Point and line defects (after de Gennes, Hl74). 
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for the free energy. The result, the free energy per unit length of line, is the following: 1.4. Dynamical theory for nematics 

Flinc 

Prru 
2 

I I Km d K 2l Pmax 21fp --- p = 1f m n-- , p2 a 

A nematic will How under the inHuence of an applied stress (as long as the stress is 

( 1.10) 
larger that the threshold stress; see above). Viscosities of low molecular nematics are •· 

where p = (z 2 + y 2)1 is the distance to the disclination line. Pmax is an upper bound to comparable to those of isotropic liquids of similar composition. The anisotropic charac-

the disclination, which may be the distance between the line and the walls of the con- ter of a nematic creates a more complicated How pattern, however, and the description 

tainer, or the distance to the next disclination line. The distance a represents an inner of the How is correspondingly more difficult. A complete description of the How requires 

cutoff of molecular dimensions. Since the theory is a continuum theory, (I.IO}.naturally the inclusion of six viscosity coefficients, for example, and the three Frank elastic con-

does not include the contribution of the 'core', p< a, of the disclination; de Gennes sLants discussed above. 

(1974) argues, however, that such a contribution should be similar in magnitude to The continuum theory for How of nematic liquid crystals was developed primarily 

(1.10). by Eri.cksen (1960, 1961) and Leslie (1968a, 1968b), with the equilibrium theory of Frank 

The result (1.10) shows that the energy of the distortion depends on the square of (1958) discussed above as a basis. The development of the theory, commonly known as 

the strength of the distortion. Moreover, the total energy stored in the elastic field the Leslie-Ericksen theory, has been reviewed by several authors, in particular by de 

grows linearly with the radius of the volume enclosed. Brinkman and Cladis (1982) have Gennes (1974), Leslie (1979,1983}, and Jenkins (1978). The development is outlined in 

noted that in this respect, disclinations behave like gluons interacting through a gluon the following sections, but readers desiring a complete derivation should consult one of 

field. the above references. 

On the basis of (1.10), one would expect that disclinations of strength m .= ±* 1.4.1. Conservation Laws 

would be the most common, since these create the least energy of distortion. However, 
The first assumption of the theory is one commonly encountered in the Huid 

line defects of strength m = ±l are more common. The reason for this is that the 
mechanics of conventional fluids; that is, that the Huid is incompressible. The velocity is 

director can rotate to lie along the disclination line, which means that the disclination 
then subject to the constraint 

no longer requires a core (Ciadis and Kleman, 1972). This redirection is sometimes 

called "escaping into the third dimension". 
'\1·11 = 0. (1.11) 

(Modifications to the theory that are required when compressibility effects cannot be 

· neglected are summarized by Leslie (1979).) A second assumption is that, in accordance 
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with the equilibrium theory, the orientation of the liquid crystal is completely described 
tensor is closely related to the couple stress acting on liquid crystal surfaces, and 

by the director, n. Furthermore, the director field ri is constrained so that its magni-
represents the effects of anchoring. Decause of the constraint that the magnitude of the 

tude is constant everywhere; i.e., 
director remains constant, 8 ·t, is indeterminate to within a scalar multiple of ii. The 

n·n = 1 (1.12) 
term 10 qfl ·ii in (1.13) represents rotational kinetic energy of the fluid element. CT is 

therefore an inertial constant. 

A third principal assumption is that the state of the ne!llatic is completely specified by 

The conservation of linear momentum follows from (1.13) by rewriting the equation 
the velocity field II and the director field n. A competing theory (Martin et.al. , 1970) 

with a superposed translational velocity and subtracting from (1.13). The result is the 
is based on the idea that only the velocity field is required to specify the condition of the 

following: 
nematic. It appears that the director field is in fact an independent variable, however, 

because it has been found to be possible to change the director while keeping i1 = 0 (de fv pii dV = fv P dV + fs 'T·e, dS . (1.14) 

Gennes, 1974). The conservation of angular momentum is found similarly. The fluid is rotated with an 

Given these assumptions, the energy balance on a liquid crystal of volume V is arbitrary, constant, rigid rotation, and the rewritten form of (1.13) is subtracted from 

given by the following (Leslie, 1979): (1.13). This operation yields the following expression: 

d 1 .. 
- (10 pil·v + 10 e1n ·n +E) dV = (1.13) dt v .. Iv (prxil + e1n xii) dV = (1.15) 

fv (F ·iT + G ·it + q) dV +Is (iT·r + it ·8 - h)·t, dS , fv (rxF + nxG) dV +Is [rx(T·t,)+ nx(S'·t,)] dS, 

In the above, p is the density (constant), F is the body force per unit volume (e.g., 
where r is the position vector. The conservation of linear momentum reduces to 

gravitation), 'T is the stress tensor, E is the internal energy per unit volume, q is the PV; = F; + Tjj ,j . (1.16) 

heat source in the control volume, h is the heat flux out of the volume, and t, is the It is convenient to introduce a vector g that satisfies the following: 

outward-directed normal to the surface S. There are several terms in (1.13) that arise in 

e;;t n; gk = e;;t ftt; + Stp n; ,p) , (1.17) 
isotropic fluids as well as in nematics, those that involve the shear stress, heat Dux, 

internal energy, and kinetic energy. Unique to liquid crystals are the terms involving G, 
The angular momentum balance, Eq. (1.15), is then expressed as follows: 

which is a body force that acts on the director (e.g. , a magnetic field); 8, which is a e1ii; = a; + g; + s;;.; , (l.l8) 

director stress tensor; and ii, the time rate of change of the director. The director stress where the linear momentum balance, Eq. (1.16), has ~een used to simplify some terms . 

., Jo 

•-:: •.:. 
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Finally, the energy balance reduces to • iJFd -
{1.20a) T;j = -a;;-:- n1; ,j + T;j 

I; .J 

E = q - hu + r;; v, .i + s;; ( ri, ),; - 9; n; (1.19) - iJF4 -
s;; = ~+s;; (1.20b) 

I ,J 

'-

1.4.2. Constitutive Relation• • iJF4 -
(1.20c) 9; = --

0
- + 9; 
n; 

The constraints of incompressibility and of constant director magnitude lead to 

indeterminacies in the stress tensor and in the director stress tensor, as noted above. 
where the scalar F4 is the free energy of distortion from the Frank static theory. F4 

The stresses are therefore written as follows: 
depends only on the director, n, and on the gradient of the director, vn (See Eq. 1.10). 

The terms?, i, and g represent dynamic contributions to the stress and satisfy the fol-
r;; = -p 6;; + T;; 

lowing relation: 

s;; = ndJ; + 8;; , e;;t n; 9t = e;;1 (tkj + n; ,p 81,) . (1.21) 

where the tensors 't and t are called the extra-stress and the director extra-stress, The next step is to identify the dependence of the stress tensors on the deforma-

respectively, and p is called the pressure. The intrinsic body force g is indeterminate tion. Several possible terms can be eliminated on the basis of symmetry arguments. 

up to a scalar multiple of n (from (1.17)), and it follows that The dynamic stresses should be unchanged by rigid body rotations, for example, and 

9; = -rn; - ( n; fJ i ),; + g; , this implies that the stress can depend on the velocity gradient and the director velocity 

where g is the intrinsic extra-body force. The vector tJ will not appear in the constitu-
only through the (symmetric) rate of strain tensor A, 

tive relations, but the scalar 1 will. A;; =It (v;,; + v;,i) 

The next step in the development of the constitutive relations is to relate the stress and a vector N defined by the following: 

tensors to deformations of the lluid. To simplify the discussion, the heat llux terms will 
N; = ri; - W a n~; . 

be neglected. Again, the complete development and details are given by Leslie (1979). 
The tensor W is the antisymmetric component of the velocity gradient, 

The first constitutive postulate is that the stress and the director stress are the 

addition of the stresses due to the deformation of the llow field and to deformation of 
W;; = It ( V; ,i - V; ,i) · 

the director field: N is the velocity of the director relative to the lluid. Another restriction is that the 
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stress tensors reHed the equivalence of ii and -n. With the additional assumption ~hat v, = u (y)' v, = v, = 0 

the stresses are linear in A and N, one arrives at the following forms for the extra- and the director is given by 

stress and extra-body force: 
n, = cost/J(y ), n1 = sint/J(y ), n, = 0 , 

"r;; = o 1n1 n, At, n; n; + o2N; n; (1.22) the solution to (1.22) and (1.23) must have the following form: 

+ o3N; n; + o 4A;; + o&Ail nt n; + ooA it "t n; 

9; = -'liN; - 'l2A;t nt , (1.23) 
r,, = g (.p)u' = a' r, = b + ~~ (1.24) 

2g ( t/1) = 2a1sin2tjlcoo2.P + (a3+a6)cos2t/l + (a&- a 2)sin2t/l + a4 , 

where the coefficients a 1 to a 0 and 'lJ and '12 are constants, with 
~ 

I (.P}t/1 2 = c + a J hi+ 'l2'os2~) 
'" d ~' 

'lJ = aa- a2 0 

I (1/1) = K ,cos21/l + K 3sin21jl , 

'12 = ao- a,. 
where a ,b, and c are constants of integration, ~~ is the gravitation potential, and 

Parodi (1970) has made appeal to an Onsager relationship to reduce the number of 
primes denote differentiation with respect to the variable y . 

viscosity coefficients. This relationship is the following: 

As might have been expected from the complexity of (1.22) and (1.23), the solution 

a2 + aa = ao - a6 . 
for even this simple How geometry is complex. There are other complexities in the solu-

This relationship has not yet been substantiated with experimental evidence, but it is tion that are not obvious. Currie (1970) has demonstrated using a phase-plane analysis 

often used in simplifying the theory. that in general (1.24) represents a multiplicity of solutions for a given pair of values of .p 

Equations ( 1.22) and ( 1.23) are the Leslie- Ericksen equations. They are applicable at the boundaries. As yet, no systematic method to discriminate between solutions has 

to cholesteric as well as nematic liquid crystals. For cholesterics, however, the expre&- been suggested. (It is generally possible, however, to eliminate a number of solutions on 

sion for the free energy of distortion, F4 , is slightly different. grounds of symmetry arguments or thermodynamics; see Leslie, 1979). 

1.4.3. Applications of the Lealie-Ericksen Equations 
Some properties of the How can be derived without recourse to finding an exact 

solution. A first question is whether there is a region of uniform orientation of the direc-
The Lealie-Ericksen equations are obviously complicated. Only for the simplest 

tor. The problem is identical to that considered by Ericksen (l960a, l960b) and Leslie 
ftow geometries has an analytical solution been given in closed form. Leslie (l968a) has 

(1966) for the orientation of a transversely isotropic Huid in shear .tlow. Analysis reveals 
shown, however, that for an arbitrary shear How, for which the velocity is given by 

that there are several possible solutions for the director. In particular, when 

1(' -•t:. 
Ill _JI, 
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I "11 I < I "12 I, there is a solution such that 

where 

"• = cosY,0 , n1 = ±sinY,0 , n, = 0 , 

21/Jo = cos-1( -1l) , o::; 1/Jo :S rr/2 . 
"12 

25 

( 1.25) 

There is another solution that holds whether or not I "11 I :S I "121. which is the degen-

erate solution. 

"• = n1 = 0 , n, = I . 

A time-depend~nt analysis (Ericksen, 1960b) shows that tbe stable solution is tbe 

particular solution (1.25). This means tbat when I "'I I :S I "121, there is a ftow align-

ment angle .Po given by 

tan2t/Jo = b2 + "'I) _ o 3 
h2- "II) - a 2 

(1.26) 

the last equality holding when the Parodi relation! o 2 + o 3 = oe- 06 = ..,2, applies. 

Equation (1.25) represents the balance between two material properties. "'t characterizes 

the viscous torque associated with rotation of the director, while ..,2 represents the 

viscous torque generated by shearing the fluid (Meiboom and Hewitt, 1972). 

Scaling of the Leslie-Ericksen equations also provides insight into the for1Jl of the 

solutions. Ericksen (1969) considered the transformation 

,.. = ar. 1 t = Ill • 1 

where d and v are constants and r' and t • are dimensionless coordinates of position 

and time. With u = 0 in (1.22) (i.e., in the absence of inertia in the director), the equa-

,. -. 
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tions remain unaltered by the above transformation when 

II= d2 I (1.27) 

which scales the external body forces, the pressure, and "'· (The director is not scaled 
I 

since it is a unit vector, and therefore the specified alignment of the director at the sur-

faces is also unaffected.) A flow involving boundaries with gap d and flow speed 11 is 

thus similar to a flow with boundary gap rl and speed t! when 

" 
11d =-;r (1.28) 

The director must have similar scaling: 

- -'(' d) n = n d'll . 

If an apparent viscosity is defined by 

rd 
'lopp =-, 

II 

where r is a representative shear stress, then the viscosity also scales with the product 

11d. 

Fisher and Frederickson (1969) have verified this scaling law by flowing the 

nematic p -azoxy anisole (PAA) through four capillaries with diameters 77.6, 130.9, 

253.6, and 516 pm (determined from drainage times of water and an oil of known viscos.. 

ity ). The surfaces of the capillaries were prepared either by cleaning with sulfuric acid-

dichromate solution, which was presumed to create perpendicular orientation of the 

director at the surface, or by rubbing with human hairs 150 times to produce a parallel 

alignment at the surface. The drainage time of the nematic was measured for each 
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·capillary. The wall shear was determined from the pressure gradient, which was meas-

ured with a manometer, and the length of the capillary. The apparent viscosity of the 

ftuid is computed hom the llagen-Poiseuille equation: 

'1., APR /2 
4Q jtrR 3 

The apparent viscosity of isotropic ftuids, also called simple ftuids, can be shown to be a 

function only of 4Q (trR 3 (Noll, 1958). For Newtonian ftuids, this function is a con-

stant, which Fisher and Fredrickson verified for water, oil, and PAA above the nematic-

isotropic transition temperature ( T Nl, which is in the range 134.2-135 • C for PAA). For 

temperatures in the nematic range, however, the viscosity of PAA was found not to fol-

low the simple-fluid scaling law. Instead, the results for the case of perpendicular orien-

tation at the surface were well correlated with the Ericksen (1969) scaling law, 

'1., = q(4Q jtrR ). For the case of parallel orientation at the surface, the data could 

not be adequately reduced with this scaling law, however. The reason for the 

discrepancy is not obvious, but it could have been due to insufficiently strong anchoring 

of the director at the surface. (This discrepancy is discussed again in 1.5.2.) 

1.4.4. Viscosity Coefficients 

Specific predictions of the Leslie.Ericksen equations, (1.22) and (1.23), can be 

obtained in certain situations. These solutions must be obtained numerically in general 

because of the complexity of the equations. Since the solutions are numerical and the 

equations are highly non-linear, the solutions are valid only for particular values of the 

six viscosity coefficients (a1 to a 6) and the three Frank elastic constants (K 1 to K 3). 

Techniques to measure the viscosity coefficients will be briefly reviewed in this section. 

o(_ -=-
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It will be seen that because of the complexity of the ftow, the measurements are difficult 

and not necessarily unambiguous. The measurement of the elastic coefficients has 

"already been reviewed in the discussion of the distortion free energy (§ 1.3). 

Several authors have verified thaL a ftow alignment angle .P. exists for many 

nematics, as predicted by the Leslie-Ericksen equations when a 2ja3 is greater than 0 

(from Eq. 1.27). Wahl and Fischer (1972) sheared p '-methoxybenzylidene-p -n-

butylaniline (MBBA) between glass plates 6 em in diameter. They measured the change 

in the director with shear rate by counting interference fringes generated by a polarizing 

microscope. They found that there was a flow alignment angle, and .Po was found to be 

8 • ± 0.5 •. Moreover, w~en the separation between the plates was varied between 40 

and 500 pm ± 2 pm, the number of interference fringes produced from differing separa-

tions were reduced to a single curve by the Ericksen (1960) scaling law, Eq. (1.27), in 

accordance with the theory and the results of Fisher and Fredricksen (1969). 

Gii.hwiller (1971, 1972) measured .Po for MBBA and for p -n -hexyloxybezylidene-

p' -aminobenzonitrile (HBAB). The nematics were driven through a rectangular flow 

cell of thickness ~ 350 pm with a small pressure difference. The walls of the cell had 

been rubbed to create an easy axis parallel to the wall. Orientation was measured from 

the birefringence induced in a polarized laser beam. Orientation was held initially per-

pendicular -to the flow with a magnetic field. When the field was turned off, the orienta-

tion of the nematic ~hanged from 1/J = 0 to the flow alignment angle 1/J = 1/Jo except in a 

small boundary region near the wall. The dependence of the flow alignment angle with 

temperature measured by Gii.hwiller is shown in Fig. 1.6, in which T. is the clearing 

point of the nematic. The flow alignment of MBBA was found to decrease smoothly 

~' c• 
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with decreasing T- Tc , perhaps approaching an asymptotic value of about 5 •. The 

How alignment of I !BAD also decreased with decreasing T- Tc , but the alignment angle 

decreased to zero at T-Tc = w·. For more negative T-Tc, the How changed 

abruptly from a uniform flow to one with many irregular rotating domains filling the 

entire volume, perhaps indicating a change in the relative m'!-gnitudes of ")'1 and ")'2. (For 

I ")'1 I > I ")'2 1 , the Ericksen solution predicts that the director will tumble.) 

Pieranski and Guyon (1974), in experiments with HDAD in flow between parallel 

plates, essentially confirmed the results of Gii.hwiller (1972). Distance between the plates 

was 190 11m. Flow was induced by moving one plate relative to the other. The plates 

were treated to create parallel alignment of the director at the walls. The alignment 

was calculated from the birefringence, which was measured using the conoscopic image 

in monochromatic convergent light. The ratio Ot3/0t2 was calculated from the 

birefringence of the nematic while shearing the sample with sufficient strength to achieve 

the How alignment f/10. The orientation of the director was stabilized during the tran-

sients with an electric field. The technique was thus similar to that of Gii.hwiller (1972). 

Results of the measurement were also similar to those of Gii.hwiller: at T- Tc ::::::l -10 • C, 

the flow was found to be unstable. 

Pieranski and Guyon (1974) also measured 013 independently of the flow alignment 

angle by imposing on the sample a shear stress that was comparable to the elastic 

torque. For small shears, the shearing torque is balanced by the elastic splay torque: 

[(I d21{1 -
dz2 - Otas' 

where s is the velocity gradient dv, jdz, or 
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03S 2 
rU.,z) = lfl ~(z -41 d2

). 
about 1 sec-1. (Instabilities of this type have been reviewed by DuBois-Violette et.al. , 

1978.) 

The results are reproduced in Fig. 1.8. In agreement with Gii.hwiller, the viscosity Meiboom and Hewitt (1973) also measured flow alignment angles in HBAB, MBBA 

coefficient o 3 changes sign for T- T. < -8 'C. When o 3 >0, tumbli!Jg is predicted to 
I 

and in p -azoxy anisole (P AA). The alignment angle was measured by mopitoring 

occur, which is what Gahwiller found for T-T. < IO'C. changes in the dielectric constant between the concentric walls of a Couette viscometer. 

Cladis and Torza (1975, 1976) measured o 2 and o 3 for IIDAB and for N-p- The gap between the cylinders was 2 mm, which was considered to be large enough that 

cyanobenzylidene-p -n -octyl oxyaniline (CBOOA) in a Couette viscometer (concentric the effects of surface alignment would be negligible. The How alignment angles meas-

cylinders) with inner radius 0.25 mm and outer radius 0.50 mm. A surfactant wBB ured for the three nematics are reproduced in Fig. 1.7. They differ from those meBBured 

applied to the surfaces of the cylinders to create perpendicular (homeotropic) alignment by Gii.hwiller (1972) in several respects. In particular, the BBymptotic value of the flow 

at the surface. The·· viscometer was glued between a microscope slide and cover slip and alignment angle is much higher for MBBA, 19' vs. 5', and there is no observed transi-

placed into a hot stage. The director and velocity fields were observed with a polarizing tion in HBAB from steady alignment to rotating domains. The temperature dependence 

microscope. The flow field wBS visualized by suspending Sefadex particles in the is also much weaker for the two nematics than was reported by Gahwiller. 

nematic. Meiboom and Hewitt (1973) also measured -y1 vs. temperature for HBAB, MBBA, 

They found, like Gahwiller (1972) and Pieranski and Guyon (1974), that o 3 could and PAA. The meBBurements were made by suspending a sample of the nematic of 

be greater than zero while o 2 remained less than zero. When this was true, they found about 1 em 3 volume from a quartz fiber in a uniform magnetic field of strength 1600 

that the flow passed through a number of states as the shear rate was increased. At low Gauss. The magnet was rotated slowly, and the torque on the ~ample was measured. 

shear rates, the flow in the Couette viscometer was identical to that for a Newtonian The torque per unit sample volume per unit angular velocity is the rotational viscosity 

fluid, except for small boundary layers at the walls. The director changed smoothly coefficient -y1. It was found that -y1 decreases smoothly as temperature increases. For 

from a perpendicular orie,ntation at the cylinders to an orientation parallel to tlie flow at MBBA at 30 • C, "h ~ 0.70 poise. For HBAB at 85 • C, -y1 ~ 0.37 poise, and for P AA 

the midpoint between the cylinders. At higher shear rates, the director 'tumbled'; i.e., at 112' C, -y1 ~ 0.10 poise. 

the orientation of the director changed by more than 1f/2 between the cylinders. At still The shearing experiments just discussed give information about only two of the 

higher shear rates, the director developed an axial component. Eventually, the director Leslie-Ericksen viscosity coefficients, o 2 and o 3• The remaining coefficients must be 

field became filled with disclinations, and the velocity field filled with Taylor vortices. measured with assistance from external body forces to secure the director in a particular 

The vortex cells were observed to expand and contract rythmically with a frequency of 
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orientation. As with the measurement of the elastic cQelficients, these viscosity 

coefficients have been measured historically using magnetic fields as the external body 

force. Three independent apparent viscosity coefficients can be measured witb this tech-

nique. The three geometries are shown in Fig. 1.9. The director, which points in the 

same direction as the magnetic field, may be oriented parallel to, perpendicular to, or 

out of the plane of the How. The apparent viscosities of the nematic in these 

geometries, 'h, 'lc, and "•, respectively, are determined from the measured shear stress 

and the velocity gradient: 

Tal! '1., = 2A o/J 

These apparent viscosities are related to the Ericksen coefficients by the following (de 

Gennes, 1974): 

"· =Ill Q. 
"' =Ill (a-3 + 0

• + 0 o) 

"· =Ill (-a-:i + Q. + 0'&) = ,, - '12 . 

Miesowicz (1935, 1936, 1946) measured the apparent viscosities in this way for PAA. 

Extrapolating to 122: C (de Gennes, 1974), the values were as follows: 

"• = .034 poise 

'It = 0.024 poise 

'lc = .092 poise . 

As might have been expected, the smallest viscosity, q6 , corresponds to orientation of 

the director parallel to the direction of flow, while the largest viscosity was measured 

when the director was aligned perpendicular to the How. 

~ ·•:.. 
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Other techniques have been proposed to measure the Leslie coefficients, including 

measurement of the attenuation of ultrasonic shear waves (Candau and Martinoty, 

1971), rotating magnetic fields (Zwetkoff, 1935, 1943), and light scattering (ORSAY 

group, 1971; Yun, 1973; Haller and Lister, 1971). Gii.hwiller (1973) combined the tech-

niques of How alignment and alignment with a magnetic field to measure the five 

independent coefficients (if the Parodi relation, Eq. 1.10, is adopted) of HDAB and 

MDDA. The magnitudes of the coefficients were about a factor of 10 larger than those 

for the coeflicien ts of P AA. 

1.4.6. Polseullle Flow: Approximate and Numerical Solutions 

Tseng et.a/. (1972) used published data for the viscosity and elastic coefficients to 

integrate the Leslie-Ericksen equations numerically for PAA in Poiseuille How. Equation 

(1.24) reduces to the following set of equations for Poiseuille Dow, which were first given 

by Atkin (1970): 

where 

g (1/1) ~~ = ~ ar , 

d21/1 + _1_ [!!_lk ]2 + .!!!..tk = 
dr 2 2/ dr r dr 

K 1 sin21/l 'll + "(~oo2t/J 
- ar 

2/ (1/l)r 2 4/ (1/l)g(l/1) 

I (1/1) = K 1cos2t{J + K 3sin 2t/J, 

g ( t/J) = o 1coo2tJ,5in 2t/J + 'lc sin 2 t{J + 'It cos2t/J . 

(1.28) 

(1.29) 

Tseng et.a/. solved (1.28) and (1.29) with Runge-Kutta integration and also by orthogo-

nal collocation for the case of perpendicular orientation of the director at the wall of the 

tube. Their prediction for the apparent viscosity was in good agreement with the data 

• 
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of Fisher and Fredricksen (1969), although fitting the data required changing the value 

of o 1 slightly from the published value. The velocity profile in the tube was found to be 

nearly parabolic, more so at higher How rates, and the director profile was virtually Hat 

except for boundary layers near the wall and the center that grew thinner with increas-

ing Dow rate. The predicted How alignment was 1/Jo ~ 10 •, which is close to that meas-

ured by Wahl and Fischer (1972) for MDBA. The case of parallel alignment of the direc-

tor at the wall was not considered. 

Currie (1975) developed an approximate solution to (1.28) and (1.29) which was in 

good agreement with the numerical solution of Tseng et.a/. (1972), and so also in agree-

ment with the data of Fisher and Fredricksen (1972) for the case of perpendicular wall 

alignment. For the case of parallel wall alignment, the approximate solution was at 

variance with the data of Fisher and Fredericksen. It was suggested that rubbing the 

walls. with hairs was insufficient to produce parallel alignment. 

This concludes this brief introduction to the static and dynamic behavior of low 

molecular weight liquid crystals. These remarks have been intended only to serve as 

groundwork for the study of liquid crystal polymers. Many of the concepts and much of 

the language presented here will be useful for this purpose, but as will be seen in 

Chapters Ill and IV, polymer liquid crystals are sufficiently different from their low 

molecular weight counterparts that further exploration of the theory established for the 

low molecular weight nematics is premature at best at present. Readers desiring a more 

detailed description of the ideas presented in this chapter are once again referred to the 

references. 
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Chapter II 

X-Ray Diffraction 

2.1. Introduction 

X-ray scattering is widely used for the determination of order in materials. It is 

the preferred tool of crystallographers because X-ray scattering measurements give pre-

cise co-ordinates (within O.OOS A) of each atom in a 3-dimensional crystalline array when 

wavelengths on the order of 1 A are used. Recently it has been successfully applied to 

less highly-ordered systems, including carbon fibers and polymers. The disorder in such 

materials complicates the interpretation of the scattering; even if the material is amor-

phous, however, X-ray measurements can be interpreted in some cases to represent other 

kinds of order in the material. Waring et.al. (1982) have shown, for example, that the 

conformation of polymethylmetbacrylate (PMMA) mo~ecules in drawn fibers and their 

orientation distribution can be calculated from the X-ray scattering pattern of the fiber. 

PMMA is an amorphous polymer with a flexible backbone. Liquid crystal polymers 

(LCPs), which are rigid over a distance of 200 A or more, have far fewer conformations 

available to them than bas PMMA, and this simplifies the interpretation of the scatter-

ing considerably. In contrast to the situation for flexible polymers, LCPs do not have to 

be highly oriented in order to calculate the orientation distribution from the X-ray 

scattering pattern. The distribution can be calculated for all degrees of orientation 

with reasonable accuracy. 

The power of WAXS derives from the character of the interaction of X-rays with 
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electrons. An electron encountering a sinusoidally-varying X-ray is set into oscillation at 

the same frequency as the X-ray. Since the oscillation is also an acceleration, the elec-

tron emits photons while it oscillates. These emitted photons are said to be scattered 

by the electron. The scattered photons are coherent, as G.P. Thomson discovered in 

1927. They retain the same frequency and phase as the incident X-ray photon. The 

intensity of the scattering from an arrray of several electrons depends strongly on the 

periodicity of the spacing of the electrons, in the same way that the intensity of light 

diffracted through a grating depends on the spacing of the grating slits. The periodicity 

of the scattering from the electron distribution is called the structure factor, F, because 

it is directly related to the atomic structure of the material. 

In this chapter, the theory of X-ray diffraction will be outlined. It will be shown 

how the structure factor can be calculated for any material, and for LCPs, it will be 

shown bow the structure factor can be related to the orientation distribution of the 

molecules. Much of the discussion in the theoretical sections was drawn from the books 

by Azaroff (1968), Cullity (19S6), Vainshtein (1966), Alexander (1969), and ~lug and 

Alexander (1974). 

2.2. Theory or X-Ray Scattering 

2.2.1. Introduction 

The scattering of an X-ray beam by an electron is shown schematically in Fig 2.1. 

The phase difference between the incident X-ray beam (wave vector k 0) and the scat-

tered beam (k) is e i (f -fo)·Y, where r is the position of the electron. The scattering 

from an atom is the sum of the scattering from all of the electrons in the atom. Because 
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the electrons are distributed in a spherically-symmetric shell, the sum reduces to 

1 e i(F -fo)r. The coefficient I is called the scattering factor of the atom, which is 

defined as the ratio of the amplitude of the wave scattered by the atom to the ampli-

tude of the wave scattered by one electron. For waves scattered in the direc.tion of the 

incident X-ray beam, I is equal to the number of electrons in the atom (atomic 

number). Waves scattered at an angle 2D to the incident beam have a lower amplitude 

because, as shown in Fig. 2.2, waves scattered by electrons at different points around 

c 
the atom are out of phase. Two waves scattered by electrons A and B are in phase at 

the wave front X~ but are out of phase at Yl" , typically by less than one 

wavelength because of the wavelengths used ( R:S I A). The scattering factor for any 

atom is consequently a monotonically decreasing function of sinD/'>.. Scattering factors 

ko B 
have been calculated for all the elements, and they are tabulated in, e.g., Cullity (1956, 

pp. 474-476) and in the International Tables for X-ray Cyrstallography, vol. IV. The 

scattering factors for carbon and oxygen are plotteil vs. sinD/'>. in Fig. 2.3. 

The structure factor! which is also called the scattering amplitude, is the sum of 

-- - - - - - - _yl the scattering from each atom: 

j=n 
F ( S) = E I . e 2•i (~ . .,., ) 

. ' ' ]=0 
(2.1) 

where S is the scattering vector S =(k -f 0)/27r, and I; is the scattering factor for 

Fig. 2.1. Scattering of X-rays by an electron. 
atom j . The intensity of the scattering is proportional to the square of the scattering 

amplitude: 

/(S) = _!_lo _e_ l+cos (2D)IF(S)f. ( 
2 )2 2 

r 2 me 2 2 
(2.2) 

.. 
~ ~ 
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In the above, I 0 is the incident beam intensity, r is the distance between the scattering p{r) can be determined only if the phase angles are known. Determination of the phase 

entity and the point of observation, c is the speed of light, m is the mass of an elec- angles requires thaL the material have a well-defined unit cell, and 50 the phase angles of 

tron, and e is the charge of an electron. For constructive interference, ). = 21r/ I r I poorly-ordered systems, such as polymers, cannot be determined accurately. 

must be of the same order of magnitude as r. Distances between neighboring atoms The reciprocal relation of the functions p{r) and F (S) leads to the concept of 

range from I to 4 A, which means that light waves in the visible range cannot give reciprocal space, in which the basis vectors are the reciprocal of the basis vectors in real 

information about atomic structure. X-rays, neutrons, and electrons do have space. The position vector in reciprocal space is the scattering vector S. For the sim-

wavelengths in this range, which is why scattering with these particles has such broad pleat systems, there is a simple correspondence between real space and reciprocal space. 

application in materials science. If points on a linear, periodic lattice are separated by z =a ,1/ =b ,z =c in real space, 

Eq. (2.1) shows that the measured intensity can be calculated if the disposition of the points in reciprocal space are separated by X=l/a ,Y=I/b ,Z=I/c. Fig. 2.4 

the atoms is known. In a diffraction experiment, however, the intensity is the measured shows the scattering pattern from such an array in one dimension. For one point, the 

quantity and the r; are unknown. The r; are arrived at through a Fourier transforma- incident plane wave is scattered as a spherical wave with the point as the source. For 

tion. The first step in this transformation is to replace the point distribution of the two points, the scattered waves interfere and form a diffuse doublet. The scattering 

electron density by a continuous, time-averaged distribution, p{t ), 50 that the summa- from several points is a series of sharp fringes. If the spacing between the points is c • 

tion in (2.1) can be replaced with an integration: the spacing between the fringes is 1/c. If the points are aligned along the z-axis in real 

F(S) = fp{r)e2•ilhlg 
space, the interference fringes would appear as lines orthogonal to the Z-axis ia recipro-

(2.3) 
cal space. The structure factor for a linear array with arbitrary spacing can be easily 

The form of (2.3) leads to Friedel's theorem, F ( -S) = F • (S ), which says that the 
calculated from Eqn. (2.1), which reduces to 

diffraction pattern must always be centrosymmetric whether or not p{r) is centrosym-

metric. The integral has the following reciprocal relation (Fourier transform): 

i=n 
F(Z)= L,f;e2•i•,z. 

j=O 
(2.5) 

p{r) = f F (S )e -2•il~ ·YltJ5. (2.4) where z; is the coordinate of the point and n is the number of points. Eq. (2.5) 

The Fourier transform of the structure factor measured throughout reciprocal space, 
describes a series of interference fringes that grow sharper as n increases. 

therefore, is the atomic structure. However, since it is the intensity of the scattering, The linear array and its representation in reciprocal space define a convenient two-

which is proportional to the square of the structure factor (from 2.3), that is measured, dimensional co-ordinate system. Following convention, for the rest of this chapter, the 

•;: «: .. 
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real-space axis along which the scatterers are aligned in Fig. 2.4 will· be called the draw 

axis. (This axis is often called the machine axis.) The co-ordinate normal to the draw 

axis will be called the transverse axis. The corresponding reciprocal-space axes will be 

called the meridian and the equator. In Fig. 2.4, the meridian is the axis along which 

the intensity peaks are found. The equator is the axis normal to the meridian. 

The reciprocal-space representation of more complicated systems is not a one-to-

one correspondence with the real-space configuration of the scatterers. In general, each 

point in reciprocal space is a representation of all points in real space. There are other 

systems besides linear arrays, however, that permit simple analyses. The scattering 

from a set of planes is such an example. The geometry is shown in Fig. 2.5. The planes 

are infinite in extent, and they are separated by a distance d. Constructive interference 

between waves scattered from different crystal planes occurs only when the waves are in 

phase. The waves are in phase when the path difference is an integral multiple of >., 

which occurs when 

n >. = 2dsin8 , {2.6) 

where 8 is the angle of reHection (Bragg's law). Since 1/ d = I S I , the magnitude of S 

is 2sin8/>.. The same result could have been obtained from Fig. 2.1, which describes the 

scattering from a single point. Radial distance in reciprocal space is therefore given by 

sinfJj>.. (Bragg's law can also be derived by considering scattering centers instead of 

planes. Constructive interference occurs when the scattered waves have the same phase, 

which again occurs when n).. = 2d sinO. See, e.g., Vainshteini {1966).) 

Scattering from a three-dimensional crystal lattice is no more difficult to analyze 

than scattering from a set of planes in principle. The scattering pattern from a typical 
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Fig. 2.5. Bragg reOeclion from a set of planes. 
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lattice is shown in Fig. 2.6. The pattern is the reciprocal space representation of the cry

stal. Each point in the pattern is identified with a particular S; each represents a 

different crystal plane ( e.g., the 100 or Ill plane). The points closest to the center of 

the pattern represent planes that have the greatest separation in the crystal, while the 

planes with the smallest separation are represented by points that are far from the ori

gin in reciprocal space. 

Materials with imperfect order have more diffuse scattering patterns than the one 

shown in Fig. 2.6. The scattering pattern of a. highly-ordered LCP, 80/20 HBA/PET, is 

shown in Fig. 2.7. There are no sharp reOections (points of high intensity) like those in 

the crystal pattern. Instead, the scattering is concentrated in poorly-defined regions cen

tered on the meridian and equator. This poor definition is the consequence of disorder 

in the material: the polymer chains are packed imperfectly. There is a dispersion in the 

distance of separation of the chains around an average separation. 

" The scattering from less highly-oriented LCP samples is even more diffuse, as 

shown in Fig. 2.8, again for the 80/20 HBA/PET copolymer. The scattering is spread 

out in larger arcs about both the meridian and the equator. The reason for this 

increased spread is the increased disorder of the sample: fewer molecules are aligned in a. 

single direction. The pattern resembles a powder pattern of a crystalline material, 

which has spherical symmetry because the crystal planes in a powder point in all possi

ble directions. The scattering from an unoriented LCP sample also has spherical sym

metry, but the definition between reciprocal lattice planes is much poorer. This poor 

definition is evident in the scattering pattern of an LCP. Lattice planes appear in a 

spherically-symmetric scattering pattern as concentric circles. The circles in the scatter-

" 



Fig. 2.6. Scattering from a crystalline lattice. 



Fig. 2.7. Diffraction pattern of highly
oriented 80/20 HBA/PET. 

'~ 

Fig. 2.8. Diffraction pattern of partially
oriented 80/20 HBA/PET. 
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ing from a crystal lattice are sharp. Those in Fig. 2.8 are diffuse. 

Despite the lack of sharpness of the peaks, it is clear from Figs. 2.7 and 2.8 that 

there are a few interatomic spacings in the LCP that are repeated regularly, if imper-

fectly. The separation of the scattering into distinct regions of reciprocal space further 

suggests that these spacings are independent. The meridional peaks are further out in 8 

than the equatorial peaks; since larger 8 corresponds to shorter distances in real space, 

we expect that the meridional peaks would be associated with intramolecular structure 

and the equatorial peaks with intermolecular structure. 

One way to confirm this expectation would be to calculate the complete scattering 

pattern from model molecules using Eq. (2.1). The LCP. molecules in this study are 

large enough (about 1000 carbon or oxygen atoms), however, that it is desirable to find 

meaningful simplifications to reduce the time of computation. The simplest possible 

model of a polymer molecule is a linear array of scattering points, representing a chain 

of monomers, which has already beeen encountered (Eq. 2.5). The interference fringes 

from a linear array have the same spacing and direction for all non-overlapping spherical 

distributions of electrons. Except for a difference in intensity, alike atoms arranged in a 

linear array would have a scattering pattern identical to the pattern from a similar 

array of electrons. To the extent that monomers have a spherical electron distribution, 

the model is also applicable to polymers if the monomers are collinear. For liquid crystal 

polymers, which have extended chain conformations, these assumptions may be justified. 

In fact, Blackwell et.al. (1982; also Chivers et.al. , 1984, and Gutierrez et.al., 1983) 

have shown that E(jll. (2.5) accurately predicts the location of the meridional intensities 

for HNATH and three llnAjiiNA compositions. Similar calculations have been done for 
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the Celanese polymers and for 80/20 and 60/40 IIBA/PET as part of this study; the cal-

culation for 80/20 HUA/PET is described below as an illustration. 

2.2.2. Calculation of Meridional Peaks 

After Blackwell et al, the IIBA/PET molecule was modeled as an array of points, 

corresponding to monomers in the chain. The spacing between points was taken to be 

the distance between ester oxygens in each monomer. These spacings were calculated 

from single-crystal X-ray determinations of the structure of terephthalic acid (Bailey and 

Brown, 1966) and phenyl benzoate (Adams and Morsi, 1975). The spacing for the 

ethylene linkage was calculated from C-C bond lengths and anles in a hydrocarbon 

chain. For terephthalic acid, the spacing was 7.15 A; for hydroxy benzoic acid, it was 

6.35 A; and for the ethylene linkage it was 3.76 A. Test polymer chains were con-

structed by adding these spacings at random to build arrays of points. Weighting fac-

tors were built in to the selection to account for the monomer concentrations , which 

change slightly as the construction of the chains continues. The reactivity was set to be 

equal for aU monomers. The structure factors of these constructions can be calculated 

from Eq. (2.5). The intensity of the scattering for n chains is proportional to F 2. The 

average F 2 for all chains is: 

· 1 i=n 

F21••l =- E F;2(z) 
n; i=J 

(2.7) 

where Z Is the co-ordinate along the meridian. 200 chains of 15 monomers e~ch were 

constructed to calculate F 2. The increment in Z was 0.001 A -l. 

The calculated intensity for the 80/20 HBA/PET polymer, averaged for 200 chains, 

is shown in Fig. 2.9. Peaks are predicted to occur at 6.40 A, 3.21 A, 2.11 A, and 1.603 
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A. Other peaks are predicted at smaller d -spacings, where d = >./2sin0, but these 

probably would not be observable because they occur at 20>30", where the atomic 

scattering factors are small. Similar calculations were made for IIBA/IINA 75/25, 

lfBA/PET 60/10 and 60% hydroxybenzoic acid/20% 2,6 dihydroxy napthalene/20% 

terephthalic acid (HDA/DHN/TA 60/20/20); the results of these calculations are shown 

in Figs. 2.10-2.12. The observed peaks are compared with the calculated peaks in Table 

2.1. The IIBA/DIIN/TA data are from Blackwell and Gutierrez (1982), and the 

HBA/IINA data are from Gutierrez et.al. (1083). They and Blackwell et. al.'s calcu-

lated d -spacings are included as a comparison to the present method. The HBA/PET 

d-spacings were measured as part of this study. Fig. 2.13 shows the intensity distribu-

tion measured for the 80/20 polymer with the Nonius diffractometer. 

Blackwell's calculation predicts more peaks for the 60/20/20 polymer than the 

present calculation; this is probably the result of their ten-fold smoothing (by arithmetic 

average of neighboring points) of the numerical data, which was not done in these calcu-

lations. The additional peaks they calculate are contained in broad peaks in this calcu-

lation (See Fig. 2.12.). In general, the agreement between the two calculations and the 

observed peak locations is excellent, and this is evidence that the polymers do have a 

rigid configuration over an extended distance. In particular, Chivers et. al. (1984) have 

found that the calculated width of the intensity lines of HBA/HNA copolymers is in 

good agreement with the observed width when the model polymer chain is made f{om 9 

to 13 monomer units long, with tbe higher persistence lengths associated with higher 

HBA content. 

The one-dimensional calculation predicts that a peak will occur along the equator 
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Table 2.1 
Measured and Calculated d-spacings 

d-soacin~~:s (A 
Observed Calculated 

(Blackwell (This work) 
et. al.) 

Diffracto-
Com~ition meter ,Film 

75/25 6.70 6.78 6.67 6.76 
IIBA/HNA 3.09 3.03 3.10 3.08 

2.09 2.03 2.12 2.11 

60/20/20 6.8 6.757 6.80 
DHN/TA/HBA 6.05 

3.31 3.394 3.78 
2.98 3.086 
2.3 2.239 
2.01 2.119 2.12 

2.005 2.06 
1.616 1.56 

80/20 6.37 
HBA/PET 3.16 3.11 3.24 

2.07 2.08 2.11 
1.59 

60/40 6.54 
HBA/PET 3.31 

2.08 
1.61 

for all of the LCPs studied (See Figs. 2.9-2.12.). This peak is called a layer line, and it 

arises because the Fourier transform of an array of points (the model for a polymer) is a 

line. In contrast, the intermolecular peak contains no layer line because it is the Fourier 

transform of an array of lines, which is an array of points. However, the intermolecular 

peak is centered on the equator, so the two peaks overlap over the width of the 

intramolecular peak. The extent of this overlap must be known because the orientation 

distribution will be calculated from the azimuthal spread of the intermolecular peak (sec. 

2.2.4). The one-dimensional calculation implies that the intramolecular peak is narrow, 

but the three-dimensional structure of the molecules may broaden the peak enough to 

•. 
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requite its deconvolution from the intermolecular peak. In the next section, the width of 

the peak due to the three-dimensional structure will be calculated, and it will be shown 

that deconvolution is not necessary. This is the same conclusion one would have 

reached from the one-dimensional calculation alone. 

2.2.3. Three-Dimensional Calculation 

In the three-dimensional calculation, the three-dimensional coordinates of the car-

bon and oxygen atoms in a polymer chain model of poly (HBA) were input into Eq. 

(2.1). (The hydrogen atoms were left out of the model because they scatter very little.) 

As in the one- dimensional calculation, the backbone of the model chain was made 

parallel to a real-space axis, the z -axis, so that the predicted scattering would be ceo-

tered on a reciprocal-space axis, the meridian. The atomic c<rordinates of the model 

chain were calculated from single-crystal X-ray scattering data for terephthalic acid 

(Bailey and Brown, 1966). The coordinates were rotated around the z axis through 180 

degrees in fifteen degree increments, and the scattering at each increment was calculated 

from Eq. (2.1). The calculations were then averaged around the z axis to simulate the 

cylindrical symmetry expected of a sample oriented in a magnetic field, which has the 

same symmetry. 

A tw<rdimensional projection of the 3-D coordinates of an eight monomer poly 

(HBA) chain is drawn in Fig. 2.14. The calculated scattering near/ the equator for a 

p(HBA) chain two, four, eight, and sixteen monomer units long is shown in Figs. 2.15-

2.18. The longer chains have a much narrower spread of intensity near the equator. 

For chains longer than eight monomers, the spread is about 0.02 A -I or less. The half-

width of the sharpest intensity peak measured was about 1.0 A -I, so for chains longer 
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Fig. 2.17. Calculated scattering from an 8 monomer 
poly (HBA) chain. 
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Fig. 2.18. Calculated scattering from a 16 monomer 
poly (HBA) chain. 
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than eight monomers the overlap is negligible. Eight monomers is somewhat less than 

the II monomer units Blackwell et. al. (1982) calculated for the IIDA/HNA copolymer, 

and so it should be expected that the contribution of the layer lines can be neglected. 

Figure 2.7, the photograph of the scattering from a highly-oriented 80/20 sample, and 

Fig 2.13, the meridional profile of the 80/20 sample measured with the diffractometer, 

confirm this expectation. The intramolecular layer lines, the lines on the meridian, are 

much narrower than the width of the intermolecular arc. The equatorial layer line is 

barely visible in Fig. 2.7, but it is about as wide as the meridional layer lines. Photo-

graphs of the diffraction patterns of less highly- ordered samples (Fig. 2.8) show that the 

widths or the layer lines do not change at lower orientations. This observation implies 

that the persistence length does not depend on the orientation, so that the overlap 

between the meridional and equatorial arcs is negligible for all orientations. 

2.2.4. Calculation or the Orientation Distribution 

The one- and three-dimensional calculations described above are valid for a single 

molecule with a rigid backbone aligned along an axis. The molecules from a real sample 

will have a distribution of orientations that is centered about the z -axis. Fig. 2.19 

shows how this distribution will affect the scattering pattern. A distribution around z 

in real space leads to a distribution or the intensity around both the meridian and the 

equator. The intensity distribution around these axes is a measure of the distributions or 

the real molecules, and in principle, the orientation distribution could be calculated .from 

either the meridional or the equatorial arcs. The equatorial arc is a more direct measure 
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of the orientation, however, because the scattering from even a perfectly aligned sample 

has a significant component orthogonal to the meridian. This component is the layer 

line mentioned above. The layer lines have to be deconvoluted from the meridional arc 

before the orientation distribution of the chains can be calculated. This can be done, 

but it is easier to use the equatorial arc. The meridional arcs have the additional disad-

vantage that they are located further away from the origin in reciprocal space. The 

coherent intensity is correspondingly smaller for the meridional pea~s, and the correc-

tion required for incoherent scattering is larger (sec. 2.4). The overall accuracy of the 

measurf)ment is therefore lower than that for the equatorial peaks. 

The quantitative calculation of the orientation distribution begins with the obser-

vation that the orientation distribution of molecules aligned in a magnetic field must 

have cylindrical symmetry. This is so because the magnetic field used to orient the sam-

pies has this symmetry. The molecular scattering (the layer lines) 1m (o), where o is the 

angle between a molecule and the average direction of orientation, must also have this 

symmetry for the same reason. Since the scattering from a distribution of independent 

molecules is given by a convolution of the orientation distribution with the scattering 

for a single molecule (Ruland and Tompa, 1968), the measured intensity has cylindrical 

symmetry too. All three can be expressed as a series of even- order Legendre polynomi-

als (Deas, 1952). The intensity, for example, is given by: 

where 

n =oo 

I (o) = E /2n P 2n (coso), 
n =0 

K 

2 
l2n = {4n +I)j /(o)P 2n (coso) sinod o. 

0 

• 

{2.8) 

{2.9) 
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The first ten Legendre polynomials are give in Table 2.2 (MacRobert,l927). The 

higher-order polynomials can be calculated from the following recursion relation: 

2n -I n -I 2 
Pn(z)= --zP •• 1(z)---z P •. ~z). 

. n n 
(2. 10) 

Table 2.2 
Legendre Polynomials 

n P. (z) 

0 1 
1 z 
2 1/2(3z 2-1) 
3 1/2(5z 3-3z) 
4 1/8(35z 4-30z 2+3) 
5 1/8(63:r 6-70z 3+15z) 
6 1/16(23l:r 11-315z 4+105z 2-5) 
7 1/16(4297-693z 6+315:r 3-35z) 
8 1/128{6435z 8-12012z 11+6930z 4-1260z 2+35) 
9 1/128(12155z g-25740z 7+J8018z 6-4620z 3+315z) 

10 1/256( 46189z 10-109395z 8+90090z 11-30030z 4+3465z 2-63) 

------ ---

Analogous series can be written forD (cr) and 1m (cr). The coefficients of the three series 

are related by the following expression (Deas, 1952): 

lzn =~D m 4n+1 2nl2n· 

This leads to (Lovell and Windle, 1981): 

<Pzn >o 

where 

<Pz. >, 

<Pz. >, 
<Pz. >, .. ' 

• 
2 
J I (a )P 2n ( coscr) sincrd a 
0 ------------

~ 
2 

J I (cr) sincrd a 
0 

(2.11) 

(2.12) 

(2.13) 
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Similar formula: apply to <P2n >o and <P2n >1 ... For a sharp reOection, one for 

which there is no overlap of other reOections, <P 2n > 1 .. = P zn (coscr0), where cr0 is the 

azimuthal location of the reOection; for a meridional reOection (intramolecular peak), 

cro=O, 

and 

<Pzn >o = <Pzn >1 

D(cr) = l(cr) 
• 
2 
J I (cr)sincrd a 
0 

For an equatorial reOection, cr0=f, 

<Pz. >o 

and 

n=oo (-1)"22"(n1)2 
D(cr)= E (4n+l) ( )I <P 2.>,Pz.(cosa). 

n =0 2n . 

(2.14) 

(2.15) 

(2.16) 

(2.17) 

The complete orientation distribution can be calculated from the intensity distribu-

tion in a at a single reflection using Eq. (2.17), except that if the meridional intensity 

distribution is used the molecular scattering (the layer lines) must first be deconvoluted. 

. The only measurement required is the azimuthal profile of the intensity at a fixed 0. In 

this study, the first nine terms of the orientation distribution were calculated from a 

spline lit to the measured equatorial intensity profile. Simpson's rule was used for 
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integration. The Hermans order parameter, f =l/2(3<cos2o>-l), which is often 

encountered in the liquid crystal literature, is the first moment of this distribution: 

f =<P 2>o=(-2)<P2• >t (from 2.16). The order parameter represents the disper· 

sion of the molecules about an average orientation: f =1 when the sample is perfectly 

aligned, while f =0 when the sample is unoriented. The second moment is 

<P 4 > D =(1/8)(35< cos a> 4-30< coso> 2+3); it has no clear physical interpretation. 

The contribution of the higher-order terms to the orientation distribution is small. 

Fig. 2.20 shows the measured azimuthal profile of the equatorial reOection for a highly-

oriented 80/20 sample. The orientation distributions calculated from this profile using 

two, four, and eight terms or (2.17) are plotted in Fig. 2.21. Two terms are enough to 

reproduce most of the features of the orientation distribution. Only the first two 

moments are reported for the measurements in this study for this reason. Also, the lim-

ited accuracy of the measurements and the restriction of the calculation to cylindrically-

symmetric rigid rods, which are the idealized models for the polymer molecules, do not 

merit the calculation or or higher terms. 

2.3. X-r·ay Measurements 

An Enrar Nonius Diffractis 585 single-crystal diffractomer was used to measure the 

X-ray intensity distribution or the LCP samples. The Diffractis 585 is designed to meas-

ure ·the complete scattering pattern of a crystal in three-dimensional reciprocal space. A 

schematic diagram of the instrument is shown in Fig. 2.22. The sample is supported by 

a goniometer, which can be moved automatically in three independent angles. The 

angles may be spherical, which is the usual requirement for X-ray crystallography, or 

polar. Polar coordinates are required in this study because of the cylindrical symmetry 
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Fig. 2.20. Measured intensity distribution from highly-
oriented HBA/PET 80/20, corrected for background. 
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Fig. 2.23. Ewald sphe~e. Radial distance is 
measured with sinl/>... Distance 
around the equator Is measured with ;. 
Distance up the meridian is measured with XE. 
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of the samples. In these coordinates, the angle around the axis of symmetry of the sam-

pie is ~P. The azimuthal angle, the angle centered on the X-ray beam axis, is 

XE = 9(}-o. The third angle is 0, which as discussed above gives the distance of a 

rellection from the origin. These angles describe a sphere in reciprocal space, called an 

Ewald sphere (Fig. 2.23}. Distance around the equator of the sphere is measured by ~. 

while distance up the meridian is measured by XE. Radial distance is 2sin0/>... The 

volume of the sphere at a particular XE is proportional to cosxE, which is the origin of 

the sino weighting term in Eq. {2.9}. 

The X-rays are produced in the instrument by high-energy (50 kilovolt) electrons 

striking a metal target. The metal atoms are left in an excited state after colliding with 

the electrons. When the atoms relax to the ground state, X-ray photons are emitted at 

a wavelength characteristic of the metal. The X-rays produced from the molybdenum 

target used in this study have a wavelength of 0.711 ± 0.001 A. (This high degree of 

monochromaticity is of great benefit in precise measurements.) After passing through 

the sample, the scattered X-rays are collected by a photon-counting detector positioned 

at angle fJ. The instrument automatically records the number of counts and moves the 

goniometer to a new, previously-programmed position when spherical angles are used; 

when Eulerian angles are used, as in these measurements, the data must be recorded and 

the new coordinates entered manually. 

The size of the samples for the diffraction m.easurement is not critical, but should 

not be greater than about I mm on any side because this is about the size of the X-ray 

beam. If the sample is too small, the scattered intensity will be too low for an accurate 

measurement. The size of a typical sample in these measurements was about 3/4 by 3/4 

... 
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by 1/4 mm thick. The samples were cut to an uneven size to distinguish between 

different directions in the oriented specimens. The distinction was important because 

the untreated samples had considerable orientation. The samples were prepared by 

melting extruded pellets onto a glass slide with the direction of orientation of the pellet 

in the plane of the slide. For the 80/20 polymer, the orientation remaining in the sam

ple after melting was about f =0.3. For HNATII, the residual orientation was about 

/ =0.6. The thickness of the plane normal to the draw direction of the pellets was 

made the smallest dimension. 

After the sample was cut, it was glued to the mount, which was a glass fiber. The 

sample was mounted so that the anticipated direction of orientation was parallel to the 

fiber. (This was normally the direction of the magnetic field.) Mounting the sample i.n 

this way made aligning it later with the axis of the diffractometer easier. The sample 

was centered on the fiber so that the sample and the fiber were entirely in the beam for 

all measurements. The scattering from the fiber was measured separately; it was sub

tracted from the total scattering in the data analysis. The fiber with the mounted sam

ple was placed into a small brass rod that fit into the goniometer and was held with 

wax. The rod and fiber were fitted into the goniometer, and the goniometer was then 

screwed onto the mount in the diffractometer. Once mounted, the sample was centered 

in the X-ray beam using the left-right and up-down adjustment sleds on the goniometer. 

When the sample was centered, the arcs on the goniometer were adjusted as necessary 

to align the angle of inclination of the sample to that of the diffractometer. The error in 

this adjustment was typically about 5 to 10 degrees. 

When the sample was centered, the diffraction measurements were taken. A me as-

• 
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urement consisted of opening the beam shutter and exposing th~ sample to the X-rays 

for a period of time, and then closing the shutter and recording the number of counts 

registered by the photon counter during the exposure. The time of exposure was chosen 

so that the standard deviation in the measurement, which is equal to the square root of 

the number of counts divided by the number of counts, was less than about 3% 

(N ~ 1500). For an average sample, the exposure time required was about 10 seconds. 

Diffraction measurements of highly-aligned samples near XE =±uo• (the poles of the 

Ewald sphere) or of small samples required longer exposure times. Measurements were 

taken in at most 15° increments in XE. More measurements were not required in gen

eral because the intensity variation was smooth, but for highly oriented samples, more 

measurements were required near the .intensity peak because the intensity changed 

rapidly with XE. 

The above measurements give the intensity distribution as a function of XE. The 

intensity is distributed in fJ as well, however. Figure 2.24 is a plot of the intensity vs. (J 

of a highly-ordered sample near the equator (XE =0). The points were taken at about 

0.1• intervals. The ·spread in the peak indicates that there is a distribution of distances 

that separate the LCP molecules. Measurements at any fJ in Fig. 2.24 will show some 

variation with XE, but the amount of variation will be less at the ends of the distribu-· 

tion. The center of the peak represents the average separation, and so it is the best 

value to use. The maxi'ma in intensity for the two polymers, HNATH and 80/20 

HDA/PET, were found at about the same point, at 0=4.5°, and this is the point where 

the measurements were made. 

It wa.s mentioned in the previous section that the only measurement required to 
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determine the orientation distribution is the intensity distribution in XE. This is true 

for cylindrically symmetric samples. Some samples are not symmetric, however. Some 

are asymmetric because the magnetic field was not sufficiently strong to overcome the 

residual orientation from preparation of the sample. Other samples are symmetric in 

the magnetic field, but relax asymmetrically when they are brought out of the field at 

temperature. (This asymmetric relaxation may be the memory of a previous orientation 

or the action of the surface; see Chapter III.). For these asymmetric cases, more meas-

urements are required in order to characterize the orientation of the sample. These 

additional measurements must be made at different values of ~. The average orienta-

tion is then the average of the orientations at each ~. In this study, the distribution of 

intensity in XE of every sample Wl\8 measured at three tP values. One value was chosen 

so that the X-ray beam passed through the sample parallel to the original draw axis. 

Another value was 90° away from the first, and the third value of tP was the midpoint 

of the first two. These values were chosen so that the effect of previous history could be 

determined.: when the X-rays are parallel to the draw axis, the intensity distribution of 

an untreated sample will show no orientation in the plane of the gl~ slide (Fig. 2.25a). 

On the other hand, when the sample is rotated 90" in tP, the beam passes through the 

sample orthogonal to the draw direction, and the intensity distribution in XE has a 

peak at XE=±90" because of the residual orientation in the plane of the glass slide 

(Fig. 2.25b). 

2.4. Corrections to the Experimental Intensity 

IF (S )f is the ideal intensity of a wave scattered in direction S. The measured 

intensity is affected by properties of the material and the X-rays. In general (Alexander, 

). 
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1966), 

I ( s ) = p . L . j -A . T ·IF ( s lF (2.18) 

7500~--~--~----~--~----~--~ 
P, the polarization factor, accounts for the plane polarization of scattered radiation, 

which increases as the Bragg angle inc.reases for unpolarized incident radiation: 

(a) I P = (1+cos228)/2. L, the Lorentz factor, accounts for polychromatic and unparallel 
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Fig. 2.25. Scattering from a blank sample. 
a) X-rays parallel to draw direction of pellet; 
b) X-rays perpendicular to draw direction. 

incident radiation. For equatorial reHections (XE =0), which are the reHections of 

interest here, L =(sin28cos8t1. The multiplicity factor j is the number of planes in the 

lattice that contribute to the reHection. For single- crystal diffractometry, j =1 because 

the intensity is measured at each reHecting plane, one at a time. Samples that are 

rotated through 360° while the diffractometer shutter is open, or samples with randomly 

oriented crystallites, can have higher values of j. A crystallin~ powder with a cubic lat-

tice would have a high multiplicity (twelve) because several of the planes would reHect 

to the same point in reciprocal space. The absorption factor, A, accounts for the 

attenuation of the X-ray beam through absorption by the sample. The temperature fac-

tor, T, accounts for the thermal vibrations of the atoms in the lattice. The ideal inten-

sity is reduced because of these vibrations by the amount 

( -IG••::•sin28) 
e ' 

where "jj,2 is the mean-square displacement of the atom from its rest position. (An 

assumption made in using this factor is that the atomic vibrations are independent of 

direction in the crystal. Anisotropy of vibration can be accounted for by substituting 

for T a matrix T with vector components and summing over each independent direc-
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tion; for polymers, this refinement is unjustified because the intensity peaks are diffuse.) 

The intensity measurements in the present work were all taken at .constant tern-

perature and at a fixed 8. Under these conditions the prefactors of Eq. (2.18) are all 

constant. The value of this constant is unimportant, since in calculating the orientation, 

distribution the intensities are normalized (Eqn. 2.13). Two corrections to the raw 
1000~--~--~--~----~--~--~ 

intensity data remain essential, however. The first is the correction for the sample sup-

port. The glass fiber contributes significantly to the scattering, since even though the 

Iibera are thin relative to the aample, gi118S is more dense than the polymer sample and 

its atoms have a higher atomic number. It is not feasible to mount a sample so that the 
>-.. ..., 

I D .... 
D D D 

(/) D D D D 
support, a glass fiber in these experiments, remains completely out of the X-ray beam 

c 
OJ ..., for every value of XE and ~ while the sample remains centered. The best way tO 

c 
account for the fiber scattering is to mount the sample in the center of the fiber in such ...... 

a way that both are entirely in the beam for all measurements. (The technique for this 

centering was discussed in sec. 2.3.) The scattering from the fiber can then be subtracted 

from the total measured scattering. The scattering measured for a typical fiber is shown 

in Fig. 2.26. The decrease in the scattered intensity near XE =0 is due to the elliptical 
o~---L--~~--~--~~------~ 

-90 0 90 

shape of the X-ray beam. More of the fiber is in the beam when XE =±90°. XE (Degrees) 

The other necessary correction to the intensity is for background scattering. Back- Fig. 2.26. Scattering from a glass fiber mount. 

ground consists of scattering from unwanted residual matter adhering to the sample and 

incoherent, or Compton, scattering. The 'residual matter' is mostly glue, which is used 

to attach the sample to the mount. The amount of glue required to hold a sample is 

nearly independent of its size, so the contribution of the glue to the background is larger 

for smaller samples. Compton scattering is the result of an inelastic collision between 

... .. "' 
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the incident X-ray photon and the electron. The electron is expelled from the atom, and 

the energy of the photon decreases. For a collision with a free electron, 

h 
A>-=>-' ->-=-(l-cos26) 

me 
(2.19) 

where h fmc =0.02-i6 A. In the conditions of these experiments, A>- ""'=' 0.0003 A, so 

that filtering of the unwanted Compton radidion was nearly imp08Sible. (For a bound 

electron, A>- is a few percent less than the value given by (2.19), with the difference 

being proportional to >. 2. The difference is due to the electrostatic interaction between 

the electron and the nucleus.) 

The incoherently-scattered photon has a phase that is independent of that of the 

incident photon, which means that the incoherent scattering from one electron is neither 

canceled nor re-enforced by Compton or Thomson scattering from other electrons. The 

incoherent scattering from the sample is therefore independent of XE and ~- Compton 

scattering does depend ·on sinO/>- and on the atomic number, Z, however. AB shown in 

Fig. 2.27, the intensity of the Compton scattering increases as sinO/>- increases. The 

relative amount of incoherent scattering increases as Z decreases, because for light ele-

ments there is a greater proportion of loosely-bound electrons. (The scattering patterns 

of organic materials are more diffuse for this reason than those of heavier elements with 

comparable order.) Complete tables of Compton scattering are given in the Third Inter-

national Tables of X-Ray Crystallography, vol. Ill. The principles of -the calculation of 

Compton scattering are outlined in the same volume. 

The calculation gives the amount of incoherent scattering in electron units, so in 

principle this amount could simply be subtracted from the measured intensity to arrive 

at the corrected, coherent intensity. The calculation explicitly depends on the density 
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Fig. 2.27. Compton (incoherent) scattering of carbon and oxygen. 
R is the recoil factor = (v' /v)3, where 
v' = c />-' . >.' is given by Eq. (2.19). 
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and size or the sample, the strength or the incident beam, and all or the prdactors in 

Eq. (2.18), however. An easier way to estimate the amount of incoherent scattering that 

is probably just as accurate, given the uncertainty of the parameters required for the 

calculation, is to find a point in reciprocal space at which the contribution of coherent 

scatt~ring is smallest and measure the scattered intensity. This measurement has the 

further advantage that scattering hom the glue, which cannot be accounted for in 

another way, will be included. The best point for such a measurement is on the meri-

dian at the value or sinO j).. corresponding to the in termolecu Jar scattering, where there is 

no coherent contribution to the scattering from a perfectly-aligned sample. Unfor-

tunately, perfect alignment is nearly impossible to attain, and there is a coherent contri-

bution to the scattering even on the meridian. 

Inspection of the scattering suggests that the coherent contribution may be negligi-

ble for the most highly oriented samples. Data taken at 0=4.5', the midpoint of the 

intermolecular reflection, and corrected for the glass fiber mount is shown in Fig. 2.28 

for a HNATH sample that was held above the melt temperature in a 6.3 T field for 20 

minutes and cooled there. The intensity is sharply peaked near XE =5', which within 

experimental error is perpendicular to the direction of the field. Away from the peak, 

the intensity quickly levels off to a value that does not depend on XE. (The wavy peak 

near XE = 20" is the result of approximating the data with a spline curve.) This level-

ing off is necessary to the idea that the constant value is the incoherent contribution, 

since the incoherent scattering depends only on sinO/>.. it is not sufficient evidence, 

however, because there are ways in which the orientations of the molecules could be dis-

tributed to give a scattering pattern like that of Fig. 2.28. It may be, for example, that 
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Fig. 2.28. Scattering distribution measured from a highly
oriented HNATH sample, corrected for background. 
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90% of the molecules are nearly parallel to the field direction, while IO% have no orien-

tation on the average. Other.samples with lower orientation show similar asymptotic 

behavior (Fig. 2.29). 

Supporting evidence that the constant value of intensity in Fig. 2.28 is due to 

background scattering comes from another experiment, in which the scattering from a 

crystal with a chemical composition similar to the LCPs of this study was measured in a 

region of reciprocal space where there was no coherent scattering. After accounting for 

volume differences between samples, it was found that the magnitude of the incoherent 

scattering of the crystal was comparable to (within a factor of two of) the intensity 

measured for the LCP sample on the meridian (Hollander, 1985). On the basis of these 

observations, the incoherent scattering was taken to be equal to the measured minimum 

intensity (corrected for the glass mount) of the most highly oriented sample. This 

assumption introduces an arbitrariness into the calculation of the orientation that 

depends liomewhat on the size of the sample·, because the expression used to correlate 

incoherent scattering depends on the sample size (see below). However, the error for all 

samples is in the range 6 to IO% of the order parameter. The error is such that the esti-

mate of the order parameter is always high, and it is consistent, so that relative changes 

in the order parameter reported below are accurate to within a few percent. 

The incoherent intensity measured for the highly-ordered sample of Fig. 2.28 was 

extrapolated to other samples by measuring the intensity distribution of several samples 

with varying orientations. For each such sample, the intensity distribution was meas-

ured for several different sizes. The intensity distribution was measured first for a large 

sample, and then again for a smaller sample which was cut from the first sample to 
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Fig. 2.29. Scattering distribution measured from an HBA/PET 
80/20 sample with moderate orientation, 
corrected for background. 
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preserve the orientation. From two to five sizes were measured from each sample. Four 

samples with orientations ranging from I =0.85 to I =0.25 as calculated from (2.12) 

and (2.13) were used. For each size, the intensity distribution was measured from 

'XE =-90 to XE =+90 for three values of~- The size .of each sample was measured with 

a microscope reticle. The minimum intensities measured for the most highly ordered 

sample of the four were corrected for the glass fiber mount and plotted against the 

sample volume (Fig. 2.30). Four sizes of sample are represented in Fig. 2.30; the smaJ.. 

lest size has about one-eighth the volume of the largest size. To a first approximation, 

the minimum intensity is proportional to the size of the sample, which could have been 

predicted from Eq. (2.2). In the next approximation, the minimum intensities decrease 

with increasing size. This decrease is due to absorption of the scattered X-rays by the 

sample. The amount of absorption is given by the Beer-Lambert expression (See e.g 

Shoemaker et.a/. , pg.316.) 

I = / 0e·P•~, (2.20) 

where p is the density of the sample, f is the extinction coefficient, and d is the path 

length. Eq. (2.20) predicts that the logarithm of the minimum intensity divided by the 

volume of the sample is proportional to the path length. The intensity measurements 

are in good agreement with this prediction when the path length is set equal to the 

cube root of the sample volume (Fig. 2.31). The success of this prediction suggests that 

a correlation for background scattering should be based on the sample volume, with the 

form of Eq. (2.20). 

Measuring the sample size is difficult because the samples are usually irregular, and 

so a better correlation is one based on <P 0 >.t <Po> is a convenient choice because it 

•/2 
t <Po>= J /(a)sinada. 
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is also a measure of the sample size, as Fig. 2.32 shows, and because <P 0> must be 

calculated in any event as a normalization condition (Eq. 2.13 and 2.15) for the orienta-

tion distribution. Fig. 2.33 shows that in the second approximation, <Po> must also 

be corrected for absorption. The slope of the line in Fig. 2.33 is not as great as that in 

Fig. 2.31, which is probably due to the increased importance of glue and other contam-

inants on the surface of smaller samples. Figure 2.34 shows that the minimum intensity 

depends on the sample size. The minimum intensities divided by <Po> are plotted in 

Fig. 2.35 vs. <Po> 113. The best line through the data in Fig. 2.35 was used as a basis 

for the incoherent intensity for differing sizes of sample. The correlation actually used 

for tbe background was 60% of the prediction of the line, the reduction being required 

because the sample was not completely oriented, as can be seen· from the scattering 

measured for the sample on the meridian (Fig. 2.13). There is a small shoulder in the 

scattering at 6=4:5•, which is the 6 corresponding to the intermolecular ·peak. One 

sample with negligible intermolecular scattering on the equator was found (the HNATH 

sample of Fig. 2.28), and the 60% reduction was made in the correlation on the basis of" 

_the lower background scattering measured for this sample. The correlation accounts for 

all background scattering, including incoherent scattering and scattering from residual 

matter. In using it, one assumes that the plateau intensity of Fig. 2.28 is due solely to 

background, and that the amount of glue and other contaminants depends only on the 

size of the sample. 

The correlation was applied to the other samples with lower orientation and to 

another sample with high orientation as a test of its validity. The data were first 

corrected for the glass fiber mounts. <P 0> was then calculated using (2.15), from 
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which the estimated incoherent scattering was calculated using the correlation from Fig. 

2.35. The estimated incoherent scattering was subtracted as a constant in ~E and <P 

from the measured intensities, and the orientation distributions were calculated from the 

corrected data for each sample from Eq. {2.17). The first moments of the orientation dis-

tribution ( < P 2>, the Herm~ns order parameter) calculated for each size from the data 

corrected for incoherent scattering and the glass mount are plotted in Fig. 2.36 against 

the total integrated intensity for the most highly oriented samples. The points labeled 

'Test lb' are the points that were correlated to find an expression for the incoherent 

intensity. The points labeled 'Test lc' are from a separate sample that was not used in 

the correlation. Except for the smallest samples, the order parameters calculated for the 

4ifferent sized samples agree very well. For the 10 points associated with the 10 largest 

samples, tbe average orientation is f =0.795, with a standard d~viation of 0.005. The 

smaller samples show a greater divergence because the magnitude of the .intensity is 

smaller. The reduced intensities make the calculation of tbe orientation much more sen-

sitive to the accuracy of the correlation for background scattering. 

The agreement between calculated values of f at different sizes is also good for 

the samples with lower orientation, although not as good as it is for the sample of 

highest orientation. The calculated orientation parameters are plotted in Figs. 2.37-2.39. 

In size test #2 (Fig. 2.37), measurements were taken with samples of five sizes. The 

mean orientation for the fifteen data points (five sizes with three values of <P for each 

size) was calculated to be f =0 398, with a standard deviation of 0.022. In size test #3 

(Fig. 2.38), the intensity distribution was measured for two sizes. The mean of the six 

calculated orientations was f =0.601 with u=O.Ol6. Again, the scatter in the points 
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with changing 41 at a single size is greater than the scatter between sizes. In the last size 

test, #4 (Fig. 2.39), the intensity distributions were measured for four sizes. At the 

smallest size in this test, the calculated order parameter is much higher than for the 

other three sizes. The sample size, however, is smaller than the smallest size in size test 

#1, where there was also significant deviation from the average. The calculated mean 

orientation of the nine points associated with the largest samples was f =0.197, with 

17=0.039. 

The scatter in the calculated orientations about the average is greater at lower 

orientation. However, except possibly for the lowest orientation, the scatter between 

sizes is no greater than the ·scatter between 41 values at the same size, which supports 

the premise that the scatter is not due to the correlation for the background scattering. 

In addition, the calculation is much less sensitive to background scattering for poorly-

oriented samples because the meridional scattering is predominately coherent. Calcula-

tiona of the orientation from intensity. data uncorrected for the background scattering 

also show an increase in orientation with decreasing size. One cause of such an increase 

might be the sample preparation. The samples are cut to size with a razor blade, and 

poorly-oriented samples are difficult to cut. The stress on the sample hom cutting may 

partially align the sample in a region near the edge of the sample. The smaller the sam-

pie is, the larger the edge region compared to the sample volume. 

This concludes the description of the theory of X-ray scattering and the experimen-

tal technique developed to measure intensity distributions. The next chapter discusses 

the induction of orientation in an LCP by magnetic fields and the kinetics of orientation 

development and decay. 
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Chapter III 

Orientation of LOPs in a Magnetic Field 

3.1. Introduction 
" 

The strength of a. polymer component depends on the orientation of the polymer 

molecules in the direction of testing. llighly-dra.wn fibers, for instance, are substantially 

oriented in the fiber direction, and are accordingly stronger than undrawn fibers. Liquid 

crystal polymers (LCPs), with their rigid backbones, can be processed to achieve very 

high orientations. The order parameter in an LCP fiber can be greater than 0.9. This 

high degree of alignment results in properties that are greatly improved over those of 

conventional polymers. Of central importance in describing the behavior of LCPs is 

therefore the way in which ·the LCP molecules orient upon experiencing a given torque 

for a specified time. Equally important is a. measure of the time required for the induced 

orientation to relax, because molded parts, for example, sit quiescently for a. time while 

they are cooled. At present, little quantitative information is a.va.ila.ble concerning the 

kinetics of orientation and relaxation. It is the in tent ion of this part of the present 

study to provide such information. 

Several methods of inducing orientation in a.n LCP are a.va.ila.ble for such a. study. 

Orientation could be induced by flow, for example, which has the advantage or mirror-

ing actual processing conditions. Flow changes the microstructure of the sa.mple, how-

ever, 'changing the response of the sample to an orienting torque, as will be shown below. 

In addition, a. constant torque that is sufficient to orient the LCPs substantially can be 

difficult to maintain for several minutes in How, especially at the high temperatures 

Ii4 
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required (ca. 350" C). Shear Hows are easy to control, but they do not result in 

significant orientation of the LCP. Extensional Hows will give high orientation, but a 

system to maintain such a How for several minutes at 350" C would be difficult to design 

for such a low viscosity material. Flow is also an inefficient way to introduce orienta

tion, since the only control of the system is at the the boundaries. A preferred tech

nique is to use a body force, which acts uniformly throughout the sample. Orientation 

was induced in this study with a magnetic field, which has several advantages. First, 

the magnetic force on the sample bas a single component and it is uniform. It points 

along a well-defined axis. Second, the torque exerted by the field on the sample is 

directly related to the size of the microstructure. The larger the microetructure, the 

greater is the magnetic torque. The size of the microstructure of LCPs is typically 1-10 

pm, which is large enough that the LCP can be oriented to an appreciable extent after a 

few minutes' exposure to moderate fields. (Flexible polymers, for which the microstruc

ture length scale is intermolecular or even .interatomic distances, do not orient in mag

netic fields because the torque exerted by the field is too small to overcome the entropy 

of configuration of the molecule.) Third, the sample is not macroscopically deformed by 

alignment by magnetic fields as it is by How, and the relaxation of deformation can be 

decoupled from the relaxation of orientation. Fourth, as with flow, the torque exerted 

by a magnetic field cl!-n be turned on and off quickly, which is of great benefit in study

ing kinetics. 

In this chapter, the literature pertaining to orientation kinetics of LCPs and low 

molecular weight liquid crystals in magnetic fields is reviewed. The technique used to 

induce orientation is described and the results of the experiments are presented. The 

kinetics of orientation and relaxation are reported for two LCPs: 80% hydroxy benzoic 
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acid/20% poly (ethylene terphthalate) (80/20 IIBA/PET) and 50% hydroxy napthoic 

acid /25% terephthalic acid/25% hydroquinone (HNATH). A description of the meas

urements made of magnetic susceptibility is included. Magnetic susceptibilities of 

several LCPs are reported, as are the anisotropic magnetic susceptibilities of HNATH 

and 80/20 IIBA/PET. A model developed to describe the orientation kinetics is dis

cussed in the final section. 

3.2. Previous Work 

3.2.1. Theory or Orientation and Relaxation 

A. Low Molecular Weight Nematics 

The theory of the response of low molecular weight liquid crystals to a magnetic 

field is well known and is described in de Gennes (1974), for example. The equilibrium 

response can be obtained from simple thermodynamics. The free energy per unit volume 

of a liquid crystal in a magnetic field is given by tb~ following: 

u = -B·M, (3.1) 

where l1 is the magnetic induction (magnetic flux density) and M is the magnetization 

of the liquid crystal per unit volume. M is related to the applied magnetic field ll by 

A?= x·ll, (3.2) 

where X is the magnetic susceptibility of the medium. In an isotropic sample, x = xT, 

and the magnetization of the sample is proportional to the field. x of a liquid crystal in 

a magnetic field has cylindrical symmetry, and so the magnetic properties can be charac

terized by X a =x 1 1-X.l• the difference in the susceptibilities of the molecule oriented 
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parallel and perpendicular t.o the field, respectively. The flux density lJ is related to the u =-1/2 ''• H 2(xl. + x. )cos
2

Y, . (3.1a) 

applied field through Since X 1 1 <0, the free energy of orienatation of the director is a minimum when 1f=O 

lJ = I'J.fl +M ), (3.3) or 1r, that is, when the director lies parallel to the field. 

where Po is the magnetic permeability of free space. In the CGS system, II has units of 
The dynamic response of a liquid crystal to a magnetic field is given by the Leslie-

Oersted, D has units of Gauss, and Po is dimensionless and equal t.o unity. In MKS, II Ericksen (L-E) equations ( cf. Chapter 1). For the case of a liquid crystal contained 

bas units A/m = 4Jr/l03 Oersted, B has units of Tesla (I N/A m) = iO kiloGauss, and 
between two parallel walls, subjected to a pulsed magnetic field parallel to a wall and 

p0=4lrX 10-7 N/ A 2. Nearly all organic materials, including liquid crystals, are diamag-
perpendicular to the easy axis of the wall (Fig. 3.1), if = 0, and the L-E equations 

netic but not paramagnetic or ferromagnetic. The susceptibility of diamagnetic materi-
reduce to 

als is of order 10-7, so lJ """'pJ/. Actually, lJ is somewhat less than fl for diamagnetic ..., 2i_ = K 2 a2y, + x. H o2sin1PcosY,, 
I) at 8z 2 

(3.4) 

materials because X is less than zero. This is the consequence of the resistance of the 

electron clouds of the at.oms to polarization by the field. The resistance is greatest for 
where z is the direction normal to the wall, cosY, is the component of the director paral-

aromatic compounds because the magnetic field induces a current in the aromatic ring, 
lei to the field, and 1 1 is a difference between two viscosity coefficients of the L-E theory 

which creates a magnetic field opposed to the applied field. The induction of current is 
(Chap. 1): 1 1 = a-2 - a-3. The left hand side of (3.4) represents the viscous resistance of 

greatest when the field lines pass through the ring. The magnetic susceptibility is there-
the liquid crystal to orientation. The first term on the right hand side of (3.4) is the 

fore greater in absolute value (more negative) when the aromatic molecule is aligned nor-
elastic resistance to orientation; K 2 is the Franck constant for twist (See Chap. 1.). The 

mal to the field, so x. is positive. The sign of x for paramagnetic and ferromagnetic last term is the orienting torque, the magnetic torque, which is given by :; . The 

materials is greater than zero; that is, the induced field B is greater than the applied boundary conditions for (3.4) are that at the wall, the director is parallel to the easy axis 

field H. of the wall: y,(z =0) = 1/A..z =d )=0, where d is the plate spacing. When II is abruptly 

The equilibrium orientation of the the director of the liquid crystal in the magnetic decreased from 1/0 to 0, (3.4) reduces to 

field can be determined by minimizing the free energy. When fl is at an arbitrary angle ay, a2y, 
"'•-=K2-at az 2 

(3.5) 

1P with the liquid crystal director n' the magnetization is (from 3.2) 
The solution of (3.5) is 

M = IXJ. + x. (II cosY,)j n Y,(z ,t) = Y,0(z )e-l/r, (3.6) 

and the free energy becomes 
where r is a relaxation time: 

~· 
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Fig. 3.1. Orientation or a nematic by a magnetic 
field. Y is the easy axis or the wall. 
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"'fld2 

T = 1T2K 2 

120 

(3.7) 

For a typical low molecular weight nematic, 'lt ~ 0.1 poise, K 2 ~ w-6 dynes, and so 

for d = 10 11m, r ~ 0.01 s. 

For the case in which II is abruptly increased from 0 to II 0 at t =0, an approxi-

mate solution to (3.4) can be obtained which is valid for II 0 only slightly larger than the 

critical field II, for the transition, so that the tilt angle of the molecules is small and the 

profile of t/1 can be approximated by a simple sinusoid. This solution is the following 

(See de Gennes, pp. 181-184.): 

where 

and u is given by 

with 

lj.(z ,t) = a 0 u (t )sin(JTZ fd ), 

., 

ao ~ 2( ~~~~· r2 

r' du = u -u3 
dt 

~ Her 
2(11o-ll (> >r) c) . 

(3.8) 

(3.9) 

Here, II, is the critical field strength required for the transition. Equation (3.9} gives 

u (t) = m (t )[l+m 2(t >J-1/2 

m ( t ) = (constant ) X e l/r' , 

which describes the exponential growth of a small fluctuation (m < < 1) followed by 

saturation ( m > > 1, u -+1-m-2 /2). The time constant for each step is of order r . 
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B. Liquid Crystal Polymers 

No theories have as yet been advanced for predicting the orientation development 

of polymer liquid crystals. There is a well-grounded theory for dilute solutions of rigid 

molecules, however, and this has recently been reviewed by Tenforde (1985). The equili-

brium orientation is again determined from thermodynamics. The free energy of orien-

tation of a molecule in a field is given by the integration of (3.la) over the molecular 

volume V: 

U =-tJJJll·x·R dV (3.10) 

= -tPo VJJ2[Xl +(X I I - Xl)cos2tjlj, 

where x 1 1 and Xl are the magnetic susceptibilities of the molecule along and perpen-

dicular to its axis, respectfully, and tjl is the angle of orientation of the molecule with 

respect to the magnetic field. The population of molecules oriented parallel and perpen-

dicular to the magnetic field is given by a Boltzmann distribution: 

p li-P J. = e-llU/tT _ 1 
p..J.. 

For !:!. U I kT << 1, which is appropriate for small rods and small x • , 

(3.11) 

Approximating a single molecule by a cylinder with radius ~ 5 A and length 

L ~ 200 A, V ~ 1.57 X 10·20 ern a With x. ~ 10·7, Equation (3.11) predicts that 

at ambient temperature, rods of such dimensions will remain virtually unoriented: the 

degree of orientation as defined in (3.11) of such a rod is 0.00038 in a 100 kG field. This 

prediction is confirmed by experiment. Birefringence measurements of calf thymus DNA 

., ~ 
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show that the degree of orientation is only I% in a 13 T ( 130 kG) field (Maret et. al. , 

1975, 1977). Several examples of assemblies of macromolecules exist that do show 

significant orientation, however, because the anisotropic susceptibilities of the consti-

tuent molecules are additive. One example of such an assembly is the retinal rod outer 

segment, which shows nearly complete orientation in fields of I Tor less. The kinetics of 

orientation have been measured for the retinal rod (Chagneux et.al. , 1972, 1977), and it 

has been shown that a balance between the drag on the rod and the torque generated by 

the magnetic field accurately predicts the orientation time of the rods in a dilute suspen-

sion (Chagneux et.al. 1977; Hong, 1980). This balance is given by the following expres-

sion: 

.!.. d2tft + e.!!..!!!. + au = o 
2 dt 2 dt ay. • (3.12) 

where tP is the angle between the rod and the magnetic field, e is the drag force on the 

molecule, I is the moment of inertia of the rod, and U is the free energy of the rod in 

the field (Eq. 3.10). Inertia is negligible for rods of molecular dimensions, so with 

au 2 ay., = l'o VII [x 1 ,-x1 ]sintjlcostjl, 

(3.12) reduces to a first-order differential equation with solution 

In tani/J, = In tantjl o- Po VJ/2(x I 1-Xl)t. e . (3.13) 

where 1/.11 is the angle between the rod and the magnetic field axis at time t , and 1/Jo is 

the angle at t =0. For a rod, the drag force is given by the following: 

_ 27r7JL 3/3 
e - 2/n (2L I d) - I. (3.14) 
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Here, L is the length of the rod, d is the diameter, and 'I is the viscosity of the fluid. 

From (3.13) and the observed rotation time, about 4 s, the susceptibility of rod outer 

segments from a frog was calculated to be 9X w-t cgs emu (Hong, 1980), which is about 

4 orders of magniiude larger than x. for individual macromolecules. 

3.2.2. Magnetic Susceptibilities or LCPa 

There have been several investigations into the magnetic properties of liquid crystal 

polymers. A recent review has been written by Noel (1985); Table 3.1 summarizes the 

measurements made by several investigators of the anisotropic magnetic susceptibilities 

of various polymers. The magnitude of the anisotropic susceptibilities measured for the 

polymers in Table 3.1 is comparable to that for low molecular weight liquid crystals, 

e.g., x. =1.21 xi0-7 for p-azoxy anisole at 122• C. The susceptibilities reported in 

Table 3.1 are lower than the vector sum of the x. of the constituent molecules of the 

polymers, however, because except for the investigation by Sigaud et.al. (1983), the 

measurements were made of samples with unknown order parameters. The measure-

ments reported in Table 3.1 are the difference in the per-gram magnetic susceptibilities 

measured when a sample of orientation I is oriented parallel and perpendicular to the 

field. These measurements are ax,. ax, is proportional to x. and I and inversely 

proportional to the density p (Gasparoux et.al, 1971): 

p 
(3.15) ax, x.l 

The value of ax, reported by Sigaud et.al. was calculated from vector addition of the 

moments of the constituent monomers, and so it is accurate for a single molecule. These 

calculations and the measurements made by Sigaud et.al. and those of the other investi-

gators mentioned in Table 3.1 are discussed in this section. 

Polymer 

TA/MI-IQ/PC 

( c 10H 20oc on (··>6 

I-IBA/TA/C. 

PS/C 6/PB 

Table 3.1 
Anisotropic Magnetic Susceptibilities 

(Faraday balance) 

n 

5 

7 

9 

12 

TNI-T 

80 

40 

20 

10 

ax, 
(emu cgs q -I) 

l.39x w-7 

l.25x w-7 

uo x w-7 

o.9o x w-7 

0.48 xw-7 

0 

1.3x w-7 

l.OX 10-7 

o.8 xw-7 

0.1 x w-7 
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Investigator 

Noel et.al (1981) 
-

Sigaud et. al. ( 1 983) 

l-lardouin et. al. (I 982) 

Achard et.al (1983) 

Noel et.al. (1981) measured the magnetic susceptibility at 280° C of a terpolymer 

of terephthalic acid, methyl hydroquinone, and pyrocatechol (TA/MHQ/PC; 

m.p.~l8o• C) with a Faraday balance equipped with resistance heating. The Faraday 
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balance records a force F due to a magnetic field gradient ~~ induced in the sample by 

a strong inhomogeneous magnetic field. The force is related to the per-gram magnetic 

susceptibility x, by the following: 

F = _1_882 
2po -a;-·m ·x, ' {3.16) 

where m is the mass oC the sample. The device that records the force on the sample is 

typically a microbalance with accuracy ~ lpg, so that accurate susceptibilities of 

diamagnetic materials can be measured with as little as 0.05 gm. It was found that the 

magnetic susceptibility decreased monotonically with increasing field strength, implying 

increasing order at higher H (Fig. 3.2). There was a nearly discontinuous decrease in 

x, at a field strength oC about 6 kG, where the sample became translucent, implying a 

sharp increase in orientation. The susceptibility decreased to an asymptotic value, from 

which .6-x, was calculated to be 1.39XI0-7 emu cgs gm-1. 

The abruptness of the change in .6-x, and the overall shape of the curve of Fig. 3.2 

are reminiscent of the behavior of a ferromagnet in a magnetic field below the Curie 

temperature. The abrupt change in a ferromagnet is due to a phase change, in which 

the domains of the magnet abruptly align with the field. The equilibrium distribution of 

the orientations of the magnet domains is approximately described by an Ising model. 

The energy of the system is given by 

n n 

E, = E J,iu;ui/2-mll E CT; 
(i,i) i=l 

where the CT; = ±1 are the magnetic moments of the domains, which are allowed in the 

model to be normal or parallel to the field only, and J;j is the interaction energy 

.. 
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Fig. 3.2. Magnetic susceptibility or TA/MHQ/PC V3. 

field strength (after NoiH e t. al. , I 081 ). 
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between adjacent domains. The partition function, which describes the population of 

domains normal to and parallel to the field only, is given by 

z. = E e -E,/lT 

"· 

Fig. 3.3 shows the behavior of the model. Like the dependence of x. on II measured 

by Noel et.al. (1981), the Ising model bas a sharp transition. (For a summary of Ising 

models and ferromagnets, see e.g. Baxter, 1982, or Toda el.al. , 1983.) 

There are differences between the magnetization theory and the orientation of 

LCPs. The most obvious difference beL ween them is that the Ising model predicts that 

the change in magnetization occurs at II = 0, while Noel et.al observed an offset of 

abou~ 6 kG in the condensation. The comparison is nevertheless useful. The Ising model 

suggests that the condensation is due to cooperative interaction between the domains. 

Presumably a similar phenomenon involving cooperative alignment of L.C. domains is 

responsible for the shape of Fig. 3.2. 

llardouin el.al. (1982) extended the measurements or Noel et.al. to a series of 

copolymers of hydroxy benzoic acid (HBA), terephthalic acid (TA), and Hexible hydro-

carbon linkages of length Cn, with 5$n~12. It was found that the anisotropic mag-

netic susceptibility of the samples decreased as n increased, with Ax, "'='I .I X w-7 emu 

cgs gm-1 for n=5, Ax,"'='0.48XI0-7 for n=9, and Ax,=O for n=l2. As noted in 

Table 3.1, the magnetic susceptibility measured for this series also decreased mononoti-

cally with increasing spacer length. To some extent this decrease must reftect a decrease 

in the order parameter of the polymers with longer Hexible spacers, since the measured 

Ax, for the polymer with the C g linkage is 0.48X 10-7
, and that measured for the poly-

M 

H 

Fig. 3.3. Ising model of a ferromagnet for 
T < T Curie . M is the magnetization 
of the magnet. 
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mer with the C 12 linkage is zero. As calculated by Sigaud et.a/. (1983), x. for such.a 

linkage is expected to be about 1 X 10--7
. Finally, they noted that the orientation of the 

samples was nearly unchanged by cooling to room temperdure. 

Sigaud et.al. (1983) measured orientation a! order In 

( C 10H 200C 0H 4COOC 011 40C 1011 200C 011 400CC 011 40 ), (polymer A) with a Fara-

day balance. The anisotropic magnetic susceptibility of the polymer was calculated 

using the procedures of Flygare (1974), J.ernigan and Flory {1967), and Flory {1969, 

1974). They assumed two extreme conformations of the ftexible alkyl linkages in the cal-

culation: In the the first case, the linkages were assumed to have the same conformation 

as random coil alkane chains; in the other, they were assumed to have a completely 

ordered, all-trans conformation. It was found that the difference in the two calculated 

susceptibilities was not more than 5%, and x. was taken to be 1.25X 10-7 emu cgs 

gm --•. The order parameter of the polymer at the nematic- isotropic transition tempera-

ture was then measured to be I ""='0.60 from the relationship Ax, = x. I, where.p is 
p 

the density. 

Achard et.a/. {1983) measured the anisotropic magnetic susceptibilities of polysilox-

anes with phenyl benzoate side chains connected to the main chain with Hexible 

methylene spacers 4 and 6 carbon atoms long {PS/C 4/PB and PS/C 0/PB) in a 15.25 

kG field. The measured value of Ax, was found to depend on T- T Nemolic -/•olropic. 

For T- T Nl ~-so• C, Ax, for the polymer with the C 6 spacer was 1.3X w--7, and for 

the polymer with the C 4 spacer it was 1.4xi0-7. At T-TNI=-10°0, Ax, was 
. . 

LOX w--7 emu cgs g -I for the C 6 polymer. Ax, was smaller for the polymers with the 

C 6 spacer than Ax, of the polymer with the C 4 spacer, although it was not clear from 
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the data whether the decrease was due to a decrease in the order parameter because of 

the additional flexibility of the side chains or to the larger proportion of aliphatic com-

pounds, which have a lower susceptibility. The polymers were found to have a 

nematic-smectic transition, and the order of the polymer was essentially unchanged over 

the transition. 

Martins tt.al (1983) measured the order parameter of copolymers of 2,2'-

dimethyl-4,4'-azoxybenzene and dodecanedioic acid with NMR as a function of tern-

perature. The melting point of a 4000 MW copolymer was too• C, and the nematic-

isotropic transition was 136° C. Between these two temperatures, the order parameter 

induced by the 11.7 kG magnet of their NMR decreased monotonically with increasing . 

temperdure, with I =0.84 at the solid-nematic transition and I =0.69 at. the 

nematic-isotropic transition. They concluded that the Bexible spacers of the polymers 

align in the field with a degree of order comparable to that of the rigid moieties. Maret 

and Blumstein (1982) oriented polymers of similar composition, some of which were 

cholesteric liquid crystals, in fields of up to 16 Tesla. The samples were cooled at vari-

ous ~ates, and photographs of the X-ray patterns of the cooled samples were taken. 

Chiral samples did not orient in fields up to 16 Tesla, which was expected since low 

molecular weight cholesterics with pitches comparable to the wavelength of light untwist 

only at fields in excess of 30 T (Kelker et.al. , 1980). There was no apparent effect of 

cooling rate on the orientation of the nematic samples. 

3.2.3. Orientation Kinetics 

In most of the studies of the magnetic properties of LOPs listed above, the mag-

netic susceptibilities were monitored in time to ensure that the polymers were fully 
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aligned with the field. In general, the time required to achieve complete alignment was 

found to depend on the field strength, on the temperature, and on the viscosity. Poly

mers with side-chain nematic groups orient quickly in general, but far from TNI they 

orient no more quickly than main-chain LCPs. Achard et.al (1983) found, for example, 

that the nematic side chains of polysiloxane oriented in a few seconds for 

T-TN1 <30°C in a 15 kG field. For T-TNI R;4o•c, on the other hand, complete 

orientation required two hours. Two hours is about the time Sigaud et.al. (1983) found 

was necessary to orient the ( C 1ofl 20 .. ). polymer in a 16 kG field. They also found that 

orientation of the polymer in a 10 kG field required about 2-4 times as long. 

Plate' et.al. (1984) used a.c. electri" fields to orient polymethacrylates with m~ 

genic side groups, -( CH 2),. -0 -C 8H 4-COO -C 8H 4-X, with m = 2 or 6 and 

X =e.g.CN or C eH 40CH 3. The applied voltage was in the range 1~40 V; orientation · 

was measured as percent optical transmittance of polarized light. The orientation time, 

which was typically a few seconds, was shown to increase with the degree of polymeriza

tion and to decrease with increasing temperature. The orientation kinetics were well 

described by a first-order rate process: 

1-e = e·• •• (3.17) 

where e represents a degree of completion, k is a rate constant, and T is time. The 

activation energy of the orientation process was found to vary somewhat from one poly

mer to another but was in the range 8~200 kJfmol for all samples. It increased only 

slightly with increased molecular weight. The viscous How activation energy of the poly

mers, which was in the range 7~90 kJ/mol, was close to the orientation activation 

energy. 
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llardouin et.al. (1982) observed generally short time constants in the orientation of 

the TA-IIBA copolymers with llexible linkages. It was noted, however, that the time 

required to orient the polymers was much greater for higher n. Complete orientation was 

achieved for the n=5 polymer in one minute in a 15 kG field, while the n=9 polymer 

required about 2 hours. This increase may have been due to the reduced magnitude of 

.O.x, (See Table 3.1.), but it may also have been due to the higher viscosity of the sam

ples with larger n (1100 cp for n=5, and 7885 cp for n=9). The orientation time was 

also observed to increase when the intrinsic viscosity of the sample increased, which 

again may have been the result of an increased viscosity. For a one-minute orientation 

time, the minimum field required to achieve significant orientation was 4 kG for n=5 

and 15 kG for n=9. No orientation was observed for n=12. The time required to 

orient the polymer with a C 6 spacer was only a few seconds. For a C 8 spacer, nearly 

complete orientation was reached in about 30 minutes. The polymer with a C g spacer 

required about 2 hours to orient. 

3.2.4. Relaxation Kinetics 

Acc.urate relaxation times are nearly impossible to obtain by monitoring the mag

netic susceptibility while the sample is molten, since orientation is induced by the mag

net used for the measurement. Perhaps for this reason such times were not generally 

measured as part of the above investigations. Some qualitative observations were made 

nonetheless. Achard et.al. {1983) noted that the orientation induced in PMS/C 6/PB at 

343° C, which is in the nematic range for this polymer, was virtually unchanged ( <5% 

disorganization) after fifteen hours in isothermal conditions. Plate' et.al. , using the opti

cal transmission technique, found that the time constants for relaxation of orientation 
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were short, and of similar magnitude to the time constants for orientation-about 5 to 

100 sec, with longer times corresponding to polymers with higher molecular weight. 

3.3. Experimenta/Reaulta 

• 
3.3.1. Magnetic Susceptibility 

A. Guoy Balance 

The magnetic susceptibility of several LCPs ·and the aniBOtropic magnetic suscepti-

bility (.6.x) of HNATII and 80/20 IIBA/PET pellets were measured with the Guoy bal-

ance in the University of California College of Chemistry's undergraduate physical 

chemistry laboratory using the technique described in Shoemaker el.al. (1974; pp. 422-

434). The balance is shown in Fig. 3.4. It differs from the Faraday balance in that the 

magnetic field used to induce the magnetization in the sample is homogeneous. The 

Guoy balance requires a sample that is large enough that the top of the sample is nearly 

out of the field, and 50 the sample is exposed to a gradient in the field strength, just as 

it would be in a Faraday balance, resulting in a net force on the sample. The sample 

size required in the Guoy balance is typically several grams, however, where a Faraday 

balance requires only about 0.1 gm .. 

The sample is contained in a Guoy tube, which consists of a glass tube with a sep-

tum in the middle. The tube and the sample are suspended from an electronic balance 

(Mettler model AE-160) in a magnetic field, so that the septum is in the middle of the 

field. The magnetic susceptibility is determined by the force exerted on the sample 

resulting from the interaction of a magnetic field gradient and the magnetization of the 

sample induced by the field (Eq. 3.15): 

r-" 

GJ, -Eleclronlc Balance 
(Mettler No. AEI60) 

I 

Sample and Tube 

I. •,.-Electromagnet 
(10 kG) 

r--

OR[ 

Fig. 3.4. The Guoy balance in the College of Chemistry 
undergraduate physical chemistry Ia~. 
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F = xllalJ 
a-. . X 

Here, x is the volumetric magnetic susceptibility of the sample. The force on the sample 

is measured by the balance as the change in weight of the sample when the field is 

turned on. This force is 

F = tx(l/ 2 
max-11

2 
min)A , (3.18) 

where A is the area of the tube, II max is the maximum strength of the field, and H mio is 

the strength of the field at the top of the sample. Typically, the top of the sample is 

well out of the cente"r of the field, soH mio can be neglected. 

H 2A in Eq. (3.18) is a constant that is fixed by the geometry of the tube and the 

strength of the field. This constant was determined by measuring the susceptibility of a 

known susbstance, a 30 wt% aqueous nickel chloride (NiC1 2) solution. The weight su&-

ceptibility of such a solution can be estimated from (Selwood, 1956): 

x, = [ l(~Op - 0.720(1-p)] X 10-e cm 3lgm (3.1 9) 

where p is the weight fraction of NiC1 2 and T is the absolute temperature. The (1-p) 

term in (3.19) corrects for the diamagnetism of water. The weight susceptibility x, is 

related to the volume susceptibility x by the density of the solution, p: 

x, =X. 
p 

For p = 0.30, T = 297° K, (3.19) gives x, = 9.63XI0-6 cm 3lgm. With 

p = 1.35 gm I em 3, x = 1.30X w-6
. The change in weight of the solution was 

0.8393±().0003 gms, which from (3.18) gives 11 2A 12 = 6.33X 107 gmcm I sec 2. The 
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tube diameter was 1.3 em, so the field strength II of the magnet was 9770 Gauss, which 

is in the range recommended by Shoemaker et.al. 

The susceptibilities of several LCPs and PET were subsequently measured with the 

calibrated tube and balance. For each LCP, the Guoy tube was filled with the extruded 

pellets supplied to us by Celanese corporation and the change in weight of the tube was 

measured when the field was turned on. The susceptibilities were corrected for the void 

fraction, which was measured by displacing water with the samples, with the following 

formula: 

X mea• 

X= (1-E) ' 

where E is the void fraction. The measurements give the mean susceptibility, 

X = (x 1 1 +2x.J)I3 , (3.20) 

(Gasparoux et.al, 1971). These are summarized in Table 3.2, in which the abbreviations 

HNA, HBA, TA, and HQ stand for hydroxy napthoic acid, hydroxy benzoic acid, tere-

phthalic acid, and hydroquinone, respectively. The susceptibility of two samples of 

ilOI20 HBAIPET were measured. One sample consisted of extruded pellets, like the 

other polymers. The other sample was a powder. X measured for the powder, labeled 

'granular 80120 HBAIPET' in Table 3.2, is about 5% lower than the measured suscepti-

bility of the 80120 HBAIPET pellets. The difference is probably due to the error associ-

ated with measuring forces with the electronic balance and measurement of the void 

fraction. Grinding the sample into a powder may also have changed the susceptibility of 

the sample slighltly, however. Trace impurities, particularly metals, can change the sus-

ceptibility considerably. It was noted, for example, that chopping a HNATH sample 
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with a razor blade reduced the susceptibility by an order of magnitude. The weights 

and densities of the LCP samples are also reported. The densities are the densities of 

the pellets as measured by water displacement. Some of the LCP pellets, notably the 

pellets of HNATH and 30/70 HBA/HNA, were considerably more fibrous than others. 

The densities reported for such pellets are lower than those for pellets of the other LCPs 

because the pores between the fibers were too small to permit water to penetrate. Com-

parison of susceptibilities between LCPs should therefore be made on a per-gram basis. 

Percents are mole percents. 

Table 3.2 
Magnetic Susceptibilities of LCPa 

(Guoy balance} 

Compound Sample p (gm fcm 31 (1-t} Aw(gm.) x 
Weight(gm.) 

---·--

80% HBA/20% PET 10.8725 1.38 .520 -.0220 -6.49x10-7 

Granular 
80% HBA/20% PET 13.0452 1.38 0.631 -.0254 -6.24X to·7 

60% HBA/40% PET 10.4827 1.38 .520 -.0169 -4.98XJ0-7 

30% HBA/70% HNA 8.1397 1.21 .463 -.0202 -6.75x ur7 

75% HBA/25% HNA 10.0861 1.38 .52 -.0320 -6.49x to-7 

58% HBA/42% JINA 10.2561 1.31 .533 -.0242 -7.03Xl0-7 

50% IINA/25% TA/ 9.4666 1.27 .533 -.0234 -6.79x w-7 

25% HQ (HNATH) 

The anisotropic magnetic susceptibility x. =x 1 1-X.l was also measured for two 

LCPs, the 50%HNA/25% TA/25% HQ terpolymer (IINATH) and 80% IIBA/20% PET . 

... 
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The extruded pellets were stuck to tape with the pellets aligned in a single direction. 

The tape was placed in the Guoy tube to facilitate positioning of the pellets in the field 

and measuring the void fraction. The magnetic susceptibility of the pellets was meas-

ured with the pellets oriented parallel and perpendicular to the field. The magnetic sus-

ceptibility measured with the pellets perpendicular to the field is given by the following: 

X1 = I Xl +(l-1 )(x 1 I +2xl)/3 , (3.21) 

where I is the order parameter of the sample. When the pellets are oriented parailel to 

the field, the measured magnetic susceptibility is 

Rearranging, 

X2 = I X 1 1 + (I-I )(x 1 1 +2x 1 )/3 · 

XII 

Xl 

X2- ' • •·•• 

I+~ 
3 

(3.22) 

(3.23) 

(i24) 

The susceptibilities measured in the two directions for HNATH and 80/20 HBA/PET 

are summarized in Table 3.3. The measurements reported for the mean susceptibilities 

x for the polymers given in Table 3.2 are repeated for comparison in Table 3.3. 

In calculating Xl and X 1 1 from (3.23) and (3.24), I must be known. The order 

parameter was measured for each polymer pellet using X-ray diffraction (Chapter II). 
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Table 3.3 

Anisotropic Magnetic Susceptibilities 
(Guoy balance) 

Compound Direction Sample (1-t) Aw (gm.) X 
of Weight (gm.) 

Measurement --

HNATH Mean 9.4666 .533 -.0234 -6.79x w-7 

JtoH 4.7395 .250 -.0076 -7.18x w-7 

lltoH 4.7395 .250 -.0116 -4.71 x w-7 

80/20 Mean 10.8725 .533 -.0220 -6.49X 1o-7 

HBA/PET Jto H 3.9308 .200 -.0072 -5.s7'x w-7 

lltoH 3.9308 .200 -.0060 -4.64x w-7 

For the HNATH pellet.s, I ~ 0.80, while for 80/20 HBA/PET, I ~ 0.42. From (3.18) 

and (3.19), using the values for x1 and x2 for HNATII and 80/20 HBA/PET given in 

Table 3.3, the values of Xl and X 1 1 are as follows: 

HNATII: 

80/20 HBA/PET: 

Xj = -7.39 X 1(17 

X I I = -4.30X w-7 
, 

Xj = -6.00X w-7 

X I I = -3.78X w-7. 

Subtracting, x. for HNATH is 3.09Xl0-7, and x. for 80/20 HBA/PET is 2.22X10-7. 
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On a per-gram basis, these susceptibilities are 2.43X 1<r7 and 1.61 X w-7 emu cgs gm -I, 

respectively. These values are about a factor of two higher than those given in Table 

3.1 for other polymers. Because the measurements appeared to b~ high, the HNATH 

and 80/20 HBA/PET samples were run again on the SQUID at Lawrence Berkeley 

Laboratory (LBL)as a check of the accuracy of the Guoy measurements. 

B. SQUID Measurements 

The SQUIDf at LBL is a susceptiometer capable of measuring induced magnetiza-

tions of samples weighing less than 0.1 gm with very high accuracy. The SQUID 

induces a magnetization in the sample with a field that is variable from 0 to up to 40 

kG and measures the change in voltage of two superconducting coils carrying a fixed 

current. The sample is placed in a holder of about 0.1 cc volume, and the holder is 

attached to a long string. The string is lowered until the sample is at the center of a 

superconducting solenoid, which induces the magnetization in the sample. The sal)'lple 

is then cycled several times through the two superconducting coils. After each cycle, the 

change in voltage of the coils is recorded and converted directly to a magnetization. 

The magnetic susceptibility is determined from the magnetization an1 the weight of the 

sample, m: 

M = mx,R . 

The accuracy of the SQUID in the range of interest here (M ~10-3 Gauss) is better than 

1%. 

The susceptibility measurements were not senstive to temperature because the 

I SQUID is an acronym lor Superconducting Quantum Interference Device. 



141 

LCPs were purely diamagnetic. Diamagnetism depends only on the electronic structure 

of the atoms and so is virtually independent of temperature. Paramagnetism and fer-

romagnetism decrease with increasing temperature, however, and so the most accurate 

determination of diamagnetic susceptibility is at higher temperature because the effects 

of paramagnetic or ferromagnetic impurities are smalle~t. The temperature was accord-

ingly set to the highest value thaL can be achieved in the SQUID without difficulty, 

which was 280 • C. The magnetic field str"ngth of the SQUID was set at the maximum, 

40.00 kG, to achieve the highest signal. The samples were weighed with a Sartorius 

electronic balance, which was accurate to about ±:0.00003 gm. The magnetizations of 

the sample holders were measured independently and their magnetization was sub-

tracted from the magnetization of the holder with the sample. The holders made a 

significant contribution to the total magnetization. The magnetization of the LCP sam-

pies was typically -0.0015 Gauss at II = 40 kG, while the magnetization of the holders 

was typically -0.0052 Gauss at the same field strength. 

The SQUID measurements of the susceptibilities made for HNATII and 80/20 

HDA/PET pellets oriented parallel and perpendicular to the field and corrected for the 

sample container art given in Table 3.4 in emu cgs gm -•. The magnetizations are an 

average of six measurements made with the SQUID, representing six cycles of the sam-

pie through the superconducting coils. A typical standard deviation of the measure-

ments was less than 0.1% of the measurement. Measurements were made of two similar 

samples, two HNATII pellets loaded parallel to the field, and these were the same to 

within 1%. The measurements of X (the mean susceptibility of the sample), x1 (the sus-

ceptibility of the pellet perpendicular to the field), and x2 (X of the pellet parallel to the 
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field) made with the Guoy apparatus and converted to per-gram units are included for 

comparison. The Guoy measurements are given in parentheses. 

Compound 

-
HNATH 

80/20 
HBA/PET 

" 

Table 3.4 

Anisotropic Magnetic Susceptibilities 
(SQUID, II = 40 kG) 

Direction Sample M (Gauss) 
of Weight (gm.) 

Measurement 

Mean 9.4666 

lto H .09647 -.002148 

lltoH .09638 -.001410 

Mean 10.8725 

ltoH .10870 -.002191 

II to H .06158 -.001025 

. X1 (gm -1
) 

( -5.35 x w-7) 

-5.83x w-7 

(-5.65xto-7) 

-3.66xto-7 

(-3.7lXl0-7) 

(-4.7ox w-7l 

5.04XI0-7 

( -4 .o3 x w-7
) 

4.14x 10-7 

(-3.36X10-7) 

For HNATH, the measurements with the Guoy balance and the SQUID are in 

excellent agreement. The SQUID measurement is about 3% higher for x1 than the 

Guoy measurement, and the SQUID measurement for x2 is about 2% lower. For 80/20, 

the SQUID measurements are about 20% higher. In the case of the 80/20 polymer, the 

largest source of error is due to the small order parameter of the pellets. The small f 

means that there is a very small difference between the force on the pellets oriented 
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parallel to the field and the force oriented perpendicular to the field. The difference in 

the forces measured on the Guoy balance, 0.0012 gm., is only about 4 times the error in 

the measurement of the Mettler balance, which is about 25% error, or close to the 

difference between the Guoy and the SQUID measurements of 6x1 . 

Another source of error that arises for both samples in the Guoy apparatus is the 

measurement of the void fraction of the Guoy tube. Xt and x2 are inversely propor-

tiona! to ( 1-( ), so small errors in measuring the solids fraction have a large effect on the 

calculated susceptibility when the solids fraction is small. The void fraction of the Guoy 

tube was necessarily large for the measurements of anisotropic susceptibilities for 

HNATH and 80/20 HBA/PET pellets because of the way in which the pellets had to be 

stacked in the tube. The void fraction ·measured for the 80/20 IIBA/PET sample 

appears to have been too small, because from Table 3.4, the mean susceptibility calcu-

lated from x 1 and x 2, X= (x 2+2x 1)/3, is -3.81 X 10-7
, which is much less than the mean 

susceptibility measured with the Guoy apparatus, -4.70 X 10~7 . The SQUID measure-

ments for x1 and X2• on the other hand, give X = -4.74 X w-7
, which is very close to the 

measured X· The error in 6x1 was minimized by using the same sample to measure 

both x1 and x2, but it too would be in error if the void fractions were in error. The 

Guoy tube was simply rotated from an orientation with the pellets parallel to the field 

to one with the pellets perpendicular to the field. 

C. Comparison with Previous Work 

The SQUID measurements give values for x. for HNATH and 80/20 IIBA/PET 

that are higher than those calculated from the Guoy measurements. For HNATH, from 

(3.23) and (3.24), 

X _L1 = -6.01 X w-7 (5.82 X 10-7
) 

X I 1.1 = -3.34 X 10-7 (3.39 X 10-7
), 
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where the units of x, are emu cgs gm-t and the Guoy values are given in parentheses, 

and for 80/20 HBA/PET, 

Xl,, = 5.45XI0-7 (4.35XI0-7
) 

X J J.1 = 3.31 X w-7 (2.74X w-7
). 

These values give x. = 2.67XI0-7 (2.43XI0-7
) for HNATH and x. = 2.14X10-7 

(1.61 X w-7) for 80/20 HBA/PET in per-gram units. They are considerably higher than 

previous investigators have reported for other polymers. In particular, the· value 

reported here for HNATH is about twice as large as has been previously measured for an 

LCP. 

One reason for the difference in the x. reported here and those in Table ~-1 is that 

with the exception of the x • given by Sigaud et.al. (1983) for ( C 10H 2000 6H 4 .. )., 

which was calculated from the susceptibilities of the constituent monomers, the Xa 

given in Table 3.1 are lower than the true values for the polymers because of the imper-

feet order, as was noted in the review of the previous work. Since 6x = x.f , the 

values in Table 3.1 must be scaled by the order parameter. Sigaud et.al. (1983) showed 

that the order parameter for their polymer was in the range f = 0.6 to 0.8, depending 

on T Nemalie -l•olropic- T, which accounts for a large part of the discrepancy .. Another 

difference is that the polymers measured here have much more aromatic character than 

those in Table 3.1. The value of x. calculated by Sigaud et.al. (1983) for the purely 

aromatic part of the polymer of Table 3.1, which is similar to TJ\, a component of both 

HNATH and 80/20 IIBA/PET, is l.60X w-7 emu cgs gm -•. This is virtually the same 
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as the value of the magnetic susceptibility measured here for 80/20 HilA/PET and 

about 40% lower than the value measured with the LBL SQUID for IINATII. The sus-

ceptibility of IINATII is higher presumably because of its greater aromatic character. 

3.3.2. Orientation with Magnetic Fields 

The LCPs in this study were oriented by heating samples above the melt tempera-

ture and placing them in a magnetic field for times ranging from one minute to one 

hour. Some samples were frozen in the field to preserve the orientation. Other samples 

were allowed to relax by turning oil' the field before freezing. The orientation of the 

frozen samples was subsequently measured with X-ray diffraction, using the technique 

pr~viously deacribed in Chapter II. 

A. Equipment 

Four magnets were used to generate the fields. The two largest magnets were 

superconducting solenoids. The field in the largest was fixed at 63 kG. The bore of this 

magnet was 2 inches. The field in the other superconducting magnet could be varied 

from 0 kG up to the maximum field strength, 25 kG. The other two magnets were elec

tromagnets. The larger of these two was a one-fifth scale model of the magnets built for 

Lawrence Berkeley Laboratory's first ·cyclotron; it was an axial-field iron-core magnet 

with a maximum field strength of 20 kG. The gap between the iron plates was l 3/8 

inches. The smaller electromagnet was a solenoid with a 2-inch bore; it had a max

imum field strength of 4 kG, but problems with overheating limited the usable field 

strength of the ll)·agnet to about 3 kG. The magnet itself was water-cooled, and it 

remained relatively cool while on, but the leads to the magnet became hot enough to 

~ 
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melt their solder connections after a few minutes at 4 kG because of the large currents 

required (600 amps). The same problem limited the time the magnet could be run at 3 

kG to twenty minutes. The leads were l-inch thick copper braid, so the resistance could 

not have been made much lower. 

The field strengths of the 25 kg superconducting magnet and 4 kG electromagnet 

were measured with a Bell (model 701) gauss meter with an axial probe. The field 

strength of the 20 kG axial field iron-core magnet was measured with a gauss meter 

installed with the system. 'fhese meters are accurate to within 1% in the range of fields 

tested {1-20 kG). 

Probes for the magnets were constructed that could heat the samples to up to 

500" C and yet not overheat the magnet bore (Figs. 3.5 and 3.6). They consisted of 

nichrome wire-wound quartz tubes (the heating elements) wrapped in insulation and 

copper tubing. Small pieces of glass tubing were placed in the center of the quartz tubes 

to support the samples. The regions between the quartz and glass tubes were filled with 

glass wool to minimize cooling by convection. These assemblies were contained in non-

ferrous metal tubes (aluminum, copper, or brass) that were of a fize that would fit 

closely in the magnet bore (or in the gap, in the case of the axial-field iron-core magnet). 

The tubes were fitted with Tellon caps, again to minimize convection cooling. Water 

was pumped through the copper tubing to keep the probe exteriors cool. 

The temperature was monitored with a copper-constantan thermocouple placed 

near the sample. Voltages from the thermocouple were measured with a digital voltme

ter. The heater was controlled with two Variacs in series, with the first set at 25% to 

reduce the sensitivity of the temperature to small adjustments in the second Variac. In 
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Fig. 3.5. A sample probe for the superconducting magnets. 
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Fig. 3.6. A sample probe for the axial-field magnet. 
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this way, temperature could be held constant to within 1° C for more than one hour, 

although minor adjustments in voltage were generally required every few minutes. 

The samples for the experiments were prepared by melting the extruded pellets 

supplied by the manufacturer onto a glass slide with dimensions approximately 12 mm x 

4 mm. The extrusion direction of the pellets was made parallel to the long dimension of 

the slides. The reason for this procedure was that the samples had significant residual 

orientation, and aligning the pellets along the slide was the easiest way to keep track of 

the direction of this residual orientation. The samples prepared in this way were 

roughly hemispherical, about 2 mm in diameter (Fig. 3.7). 

B. Procedure 

Typical procedure was to first heat the probe to close to the desired temperature. 

The sample was then placed inside the probe and the temperature equilibrated. By 

keeping the sample out of the probe as long as possible, dec~mposition of the polymer 

was kept to a minimum. Five to fifteen minutes were generally required to equilibrate 

the temperature of the probe once the sample was loaded. The probe was t~en placed 

m the field for the requisite time, and the ambient temperature, the reference tempera-

ture for the thermocouple, was recorded. At the end of the experiment, the heater was 

turned off, the sample was withdrawn and labeled, and the conditions of the experiment 

were recorded. lo the case of the 'CIF' samples, about I minute was required to cool 

below the freezing point. The 'COF' samples were withdrawn from the probe while still 

molten, so cooling of these samples was much faster - on the order of a few seconds. 

The orientation of the frozen sample was subsequently calculated from the measured 

intensity profile with the procedure outlined in Chapter II. In all, samples of the two 
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polymers, HNATII and 80/20, were subjected t.o seven different field strengths, I, 3, 5, 

10, 15, 20, and 63 kG, and to times ranging hom one minute to one hour in the field 

and one minute t.o 20 minutes out of the field. 

The experiments carried out are given in tables in Appendix I. An example of 

these tables is Table 3.4, which describes the experiments for 80/20 IIBA/PET in a 63 

kG field. The samples were held at three different temperatures in the field, 361• C, 

350° , and 332° , for times ranging from one minute t.o one hour. 'CIF' in Table 3.1 

stands for 'cooled in the field', which means the sample was frozen while the field was 

on. 'COF', on the other hand, stands for 'cooled out of the field' and means that the 

sample was withdrawn from the field (in the case of the superconducting magnets) or 

the field was turned off (in the case of the electromagnets) while the sample was still 

molten. The CIF experiments measure the kinetics of orientation, while the COF exper-

iments measure the kinetics of relaxation. The times in minutes of Table 3.4 are the 

times the samples were either left in the field or left out of the field at temperature 

before freezing, so that '20 min. CIF' means that the sample was lefL in the field for 20 

minutes before freezing. '20 in, 20 out COF' means that the sample was in the field for 

20 minutes, and then it was brought out of the field and left at temperature for 20 

minutes. 'Bottom' refers to the bottom of. the sample. The specimen for the 'Bottom' 

X-ray scans was 1/2 mm thick, cut from the base of the sample, next to the glass slide. 

The intent of these measurements was to determine whether the glass surface affected 

the orientation. 

'Sheared' describes samples that were first sheared between 25 mm diameter paral-

lei plates in the Rheometries RMS-705 at 100 sec-1 and 330° C for 500 strain units (6 
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revolutions of the motor) before melting onto glass slides. Only the rim (the outer 3 

mm) of the sheared disc was cut up for samples in order to minimize shear gradients in 

the samples. The gap in the rheometer was set to 1 mm, so the samples were about .9 

mm thick. (The difference of .I mm is due to thermal expansion.) It was anticipated that 

shearing the samples would change the response of the LCPs to an imposed stress. 

Shearing has been observed to increase the number of disclinations in LCPs (Alderman 

and Mackley, 1985), thus increasing the number of domains in the terminology of this 

study. Marrucci (19_84) and Wissbrun (1985) have proposed models that connect the size 

and number of domains with the ··viscosity of the material. Marrucci found that the 

deviat.oric stress associated with a polydomain liquid crystal is approximately given by 

the following: 

CTE ~ K (-1 -_1_) 
a2 2 ao 

where a 0 is the linear length scale of a domain before Dow, a is the size during How, 

and K is an average Frank elastic force. The model gave an accurate prediction of the 

transition in LCPs observed by many authors (Wissbrun, 1981) from a low shear-

thinning behavior t.o a Newtonian plateau at intermediate shear rates. Wissbrun (1984) 

modified Marrucci's model to include breakdown of the domain structure during flow. 

The predidions of the model are essentially the same as those of Marrucci's, except that. 

where Marrucci's model predicts nearly perfect alignment of the LCP at the transition 

point, Wissbrun's model predicts that the molecules will remain substantially 

unoriented. Both models predict a 1/ a 2 dependence of the stress on the domain f!ize. 

(These models are discussed in greater depth in Chapter IV.) 
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Table 3.4 

/ 

80/20 IHJA/PET 63 kG 

361' c 350' c 332'C Other Bottoms 

I hr. ClF 
' 

4.1 21.1 15.1 (342' C) BOT 4.1 

20 min. ClF 25.1 2.1 18.1 BOT 2.1 

5 min. CIF 16.1 1.1 17.1 BOT 1.1 

1 min. ClF 24.1 3.1 19.1 BOT 3.1 

COF 

I out 5.1 20.1 BOT 5.1 

I 

I in 5 out 6.1 BOT 6.1 
20 out 7.1 BOT 7.1 

I out 8.1 
5 in 5 out 9.1 22.1 

20 out 10.1 BOT 10.1 

1 out 11.1 BOT 14.1 20 in, BOT 11.1 
20 in 5 out 12.1 1 hr. out BOT 12.1 

20 out . 13.1 23.1 

Sheared, 
ClF 

20 min. ls.1 

5 min. 2s.l 

The numbers appearing in the interior of Table 3.4 for each experiment are the file 

numbers assigned to the samples of that experiment. The file numbers of the samples 

and the first two moments of the orientation distributions of the samples calculated 

from X-ray scattering data using the technique discussed in Chapter II are tabulated in 

Appendix II. An example of these tables is Table 3.5, which summarizes data for a few 
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of the samples in Table 3.4. 'Filename' in Table 3.5 refers to the sample name. For each 

sample, there are three files, corresponding to three different scans in XE at a particular 

~ with the diffractometer (See Chapter II for an explanation of these angles.). The three 

files are named consistently to identify the three angles. The file names for sample 

#1.1, for example, are la.l, lb.l, and lc.l. The 'a' file contains the scattering data for 

the X-rays aligned parallel to the original draw direction of the sample pellet. The 'b' 

file contains data for the X-rays perpendicular to the draw direction. The 'c' file is data 

taken with the X-rays halfway between the parallel and perpendicular directions. 

Each of the data files consists of about 15 data points. Since there were over 300 

samples, or 900 scans, it was infeasible to reproduce all of the data in this thesis. How-

ever, the first and second moments of the orientation distributions, <P 2> and <P 4>, 

calculated from the data are given in the tables. In addition, complete scans for one 

value of ~. the one for which the X-rays were parallel to the original direction of orienta-

tion (the 'a' files), are reproduced as figures in Appendix III. In this direction, residual 

orientation of the sample is minimal, so these data are most representative of the orien-

tation induced by the field alone. 

<Po> in Table 3.5 is the integrated intensity of the samplef. As discussed in 

Chapter II, <Po> is representative of the size of of the sample, and <P 2> is equal to 

the Hermans order parameter, f =l/2(3cos2tP-1). The average of <P 2> and <P 4> 

for the three values of ~ are also given. The averages are given to three decimal places. 

• 
2 

<Po>= J /(a)sinada, 
0 

,. 

a=!:_- XE 
2 
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were found to be reproducible to within a few percent, particularly for high orientations, 

Table 3.6 an.d so comparisons between measurements are meaningful to the specified precision. 

Integrated lntensity·Data 
'Fiber' in Table 3.5 refers to the glass fiber used as a mount for the sample. The 

Filename x, Fiber <Po> <P2> <P,> Back 

Ia. I 2.5 8 2377 .813 .875 125 
intensities given in the figures of Appendix IV must be corrected for the scattering from 

Ib.l -5 8 2426 .782 .835 127 
-2.5 

I 

8 2412 ~ ___ML 126 I c.l the fibers. The fiber scattering is tabulated in Appendix V. 'x, ' is the center in XE of 

.798 .857 
the intensity distribution. If the sample was fully aligned with the field and perfectly 

2a.l 5 9 7228 .705 .649 . 283 
2b.l 0 g 7203 .71 .628 282 
2c.l 5 9 7198 _1il_ ~ 282 

centered on the X-ray apparatus, Xe would be 0. Alignment error is typically 5 to 10° 

.708 .634 (See Chapter II.), so in general if x, is greater than 5 or 10 degrees the sample relaxed 

3a.l 0 10 8611 .764 .773 319 
3b.1 0 10 8940 .762 .778 327 or did not fully orient. 'Back' is the background scattering calculated from the correla-
3c.l 0 10 8555 __J_§J___ ___,l§Q__ 317 

.764 .776 tion developed in Chapter II as part of the X-ray work. It includes incoherent scattering 

4a.1 -5 10 7608 .829 .900 293 
4b.1 -2.5 10 7395 .836 .913 287 

and scattering from foreign matter, particularly glue, adhering to the sample. 

4c.1 -5 10 7478 _ML ___jUf_ 290 
.835 .909 The remaining experiments and data are tabulated similarly in Appendices I and II, 

5a.l 0 10 7159 .371 .176 281 
5b.1 2.5 10 7514 .406 .188 291 

respectively. In some of the tables in Appendix I, there is more than one sample number 

5c.1 5 10 7248 ___ML __,_l!!L 283 
. 384 .175 

given in the table, which means that the experiment was repeated . 

6a.1 7.5 10 6430 .446 .239 261 
6b.l -10 10 6322 .481 .244 258 C. Orientation Kinetics- 80/20 HBA/PET 
6c.1 -2.5 10 6554 __,ill_ ~ 264 

.463 .242 Results of the orientation experiments are given in Figs. 3.8-3.11 for 80/20 

7a.l 15 II 4276 .139 .043 194 
7b.l 20 11 4429 .101 .027 200 HBA/PET and H = 63, 20, 15, and 10 kG. In general, at every field strength, the 
7c.l 22.5 11 4352 ____jQL ___1!:!L 197 

.132 .038 orientation increases rapidly for a few minutes before reaching a value that increases 

8a.l 7.5 11 4600 .587 .368 205 
8b.l 0 ll 4651 .624 .466 207 

very slowly with time. The order parameter at 350°0 is 0.764 after a one minute expo-

8c.l 5 II 4645 .....&lL ____,_ill.._ 207 
.607 .425 sure to a 63 kG field, for example (Fig. 3.8). After 5 minutes, the order par!}meter is 

The accuracy of the X-ray determination of the order parameter was discussed in 
0.798. After 20 minutes, I is 0.815, and after one hour, I is 0.835. For· lower field 

Chapter II and found to be about 10%, suggesting that only the first two figures are 
strengths, the period of rapid increase lasts somewhat longer. The order parameter after 

significant. Three figures are reported here, however, because the X-ray measurements 
one minute at 15 kG, 354° C is 0.326 (Fig. 3.10). After five minutes, the order 
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parameter is 0.525, an increase of more than 50%. The order parameter reaches a pia-

teau after this time; after 20 minutes, I is nearly unchanged from the value aher 5 

minutes of 0.546. 

The order parameter did not increase uniformly with time in all experiments. For 

the case of the 20 kG field in the axial-core magnet, the order parameter decreased from 

.594 after I minute to .528 after 5 minutes (Fig. 3.9). On the other hand, experiments 

at 20 kG in the superconducting magnet showed an increase in the order parameter in 

the same time period (Fig. 3.14). The difference is typical of the variability that wail 

occasionally observed in the experiments. The variability probably was the result of 

small differences in the positions of the samples in the probes, which may have led to 

differences in the effective magnetic field or in the temperature. 

The 63 kG data are plotted against temperature in Fig. 3.12. Arter one minute at 

350• C, I is 0.764. At lower temperatures (332• C), orientation proceeds very slowly, 

even in the 63 kG field. After one minute, the orientation is nearly unchanged from the 

. residual orientation of the sample. A plot of the intensity profile measured in the direc-

~ 

tion of draw of the sample pellet, Fig. 3.13, shows that the field has had some effect, 

however. The intensity decreases smoothly as XE changes from -90 to 0' except for a 

small increase near XE· = 0. This small hump represents an orientation parallel to the 

field superposed on the residual sample orientation. The order induced by the field is 

difficult to quantify from these data because the residual order of the sample almost 

completely masks the orientation induced by the field. The order induced by the field is 

obviously much less than the order of the untreated sample, however, so I < <0.32. 

After 5 minutes at 332• C, I is only 0.42. After one hour at 332° C, I is 0.710, still 
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less than I after one minute at 350° C. 

Raising the temperature above 350° C appears to decrease the induced order. The 

order parameter arter one hour at 370° C is 0.704, which is less than the order parame-

ter achieved after one hour at 332° C. The measured order parameters for 360° C in 

Fig. 3.12 are about 5% less than those measured at 350° C. These differences are only 

slightly larger than the error in the order parameter, but such a decrease would be 

expected as T NI-T decreases because of the decrease in the order parameter of the 

domains. (See the above discussion of previous mea.surements of magnetic susceptibili-

ties.) 

Order parameters induced by the variable-field superconducting magnet at 20 kG 

are plotted in Fig. 3.14. They are close, to but slightly lower than, those induced by the 

axial field iron-core magnet at 20 kG. At 351° C, for example, the order parameter 

induced by the superducting magnet is 0.545 after one minute. After one minute at 

354° C in the iron-core electromagnet, the order parameter is 0.620. After one hour at 

351• C, I is 0.631 for the superconducting magnet and 0.702 for the axial field magnet 

at 345° C. The differences, which are slightly larger than experimental error, may be 

partly due to the temperature difference in the samples. Another part of the difference 

could be due to inhomogeneities in the field of the superconducting magnet. The dis-

tance over which the field in the magnet was homogeneous was only a few inches. The 

top of the sample probe was placed near the center of the field, but the sample in the 

probe may have been near the edge of uniformity of the field. The 25 kG superconduct-

ing magnet WliS rarely used in subsequent orientation of samples, both for consistency 

and to simplify the measurements. The superconducting magnet proved to be much 
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more difficult and expensive to operate than the electromagnet, principally because the 

insulation on the liquid helium dewar wa:~ inadequate. The helium dewar had to be 

refilled about every 12 hours, and the nitrogen dewar every few hours. Experiments run 

on the 20 kG superconducting magnet are labeled with an a:~terisk (•) in the tables in 

the Appendix. Unlabeled experiments between 5 and 20 kG, inclusive, were run on the 

axial field, iron-cor~ magnet. Experiments at I and 3 kG were run on the 4 kG magnet 

built by the College of Chemistry machine shop. 

4-

L 
The order parameters induced by 5, 3, and 1 kG field are difficult to present in 
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figures because the order in the samples is three-dimensional. . The asymmetry is the 

consequence of superposition of the orientation induced by the field onto the orientation 

remaining from the processing of the sample pellets. The residual orientation is in the 
L 

I )( - 360 c 
01 

"'0 0 - 351 c 
L A - 334 C 

plane of the glass slide (see the above description of the sample preparation technique), 

0 
while the order induced by the field is orthogonal to the slide. Since the I, 3, and 5 kG 

fields are not strong enough to entirely overcome the residual orientation, the order 

o~--~--~--~----~--~--~ 
0 60 

parameter of the samples is not cylindrically symmetric. The results of these low-field 

experiments are therefore given here in tabular form. 

Time (min) 

Fig. 3.14. Orientation kinetics of 80/20 HBA/PET 
Orientation data for the 5 kG field, 80/20 HBA/PET polymer are given in Table 

for H = 20 leG (superconducting magnet). 3.6. For the experiments in which the order parameter was found to be three dimen-

sional, the order parameter is specified for a particular Xc ,J and Xc .1 I· Xc ·l is the 

value of XE (defined in Chapter II as the Eulerian azimuthal angle of the X-ray 

diffractometer) for which the intensity distribution is sym.metric when the X-rays are 

incident perpendicular to the draw direction of the sample, which is the direction of the 

residual orientation. Xc.l 1 is the value of XE for which the intensity distribution is 
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symmetric when the X-rays are parallel to the draw direction of the sample. X-rays pro- In general, the order induced by the 5 kG field is less than I = 0.1, although I 

pagating parallel to the draw direction are unaffected by the residual orientation while = 0.371 after one hour at 339° C. There is one anomalous result: after one minute at 

those propagating orthogonally to the the draw direction are diffracted by the orienta- 349° C, I was 0.235, whereas after 5 minutes at the same temperature, I was 0.104 

tion; thus, in general, if the sample ha..<t been only slightly oriented by the field, Xe, 1 I with Xe =60°. The order parameter for the 1 minute experiment may have been high 

will be close to 0, while Xe.j_ may be close to 90°. Fo·r some experiments, a single value due to a sample pellet that was aligned perpendicular rather than parallel to the glass 

of Xe is reported, which means that Xe for the parallel and perpendicular directions slide. The order parameter of blank (unaligned) samples is close to 0.235 after one 

were nearly the same. In these cases, the order parameter reported is an average of minute at this temperature (see Table 3.10.). 

those calculated for the three different .;. Data for the 1 and 3 kG experiments with the 80/20 HBA/PET polymer are 

presented in Table 3.7. There is a greater difference between Xe .1 and Xe, 1 1 for these 

Table 3.8 
experiments than there was for the higher field strengths. After 20 minutes at 3 kG, for 

80/20 HBA/PET 5 kG 
example, the order parameter measured at 360° C with X-rays parallel to the original 

349' c 339'C 322° c 
sample orientation is I = 0.081, with Xc .1 = 7.5°, while I with X-rays perpendicular 

to the orientation distribution is 0.285, and Xc = 90°. For these experiments, too, 
1 hr. CIF .374 .050 

Xc R<90 increasing the temperature above 350" C decreased the order parameter. After 20 

20 min. CIF .278 .088 
Xc R<OO 

minutes at 350° C and 3 kG, I measured with X-rays parallel to the original orienta-

5 min. CIF .104 .039 tion was 0.189, significantly higher than the value of 0.081 at 360' C. 

Xc R<60 Xc R<90 

1 min. CIF .235 .125 

I 

Xc R<90 

I 

The order parameter is plotted us. H in Fig. 3.15. I increases smoothly with the 

field strength for a one minute exposure to the field. Fields below about 5 kG are 

insufficient to induce measureable orientation. Arter 20 minutes, the order of the sam-

Sheared, 
CIF 

pies has increased, and the initial increase of I with H is greater than at the shorter 

20 min. .112 
time. The apparent threshold field observed for 1 minute, 5 kG, is strong enough to 

5 min. .05 induce orientation after 20 minutes. 

'~---------- I -- As was mentioned earlier, the top 3/4 mm was always cut from the sample for the 
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Table 3.7 

80/20 IIBA/PET 1 & 3 kG 

360° c 350° c Other 

1kG .030 (337' C) 
.100, Xc, I I =0' 

1 hr. CIF 
.326, Xc .1 =70° 

I kG .074, x., I I =1~· 
20 min. CIF 

.171, Xc,l=75 

3kG .081, x •. 11 =7.5" .189, Xc,j=12° 
.285, x •. 1 =90' .086, x • . 1 =50' 

5 min. CIF 
3kG .185 

I min. CIF 
3kG .059, x •. 11 =7.5' 0 

.173, Xc,l =75' 

Sheared, 
CIF 

20 min. (352' C) 
.262, Xc =75° 

---

X-ray measurements. The bottoms (1/2 mm adjacent to the glass slide) were measured 

as well for several samples. For 80/20 IIBA/PET, with a few exceptions, the difference 

in the order parameter measured between the top and the bottom was within experi-

mental error. One exception was a sample left in a 63 kG field for 20 minutes at 350° C. 

The order parameters of specimens cut from two points on the top of the sample were 
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0.731 and 0.764, while the order parameters or two specimens cut from the bottom or 

the sample were 0.808 and 0.827. A profile or orientation from the top of the sample to 

the bottom was measured to determine the extent or inftuence of the glass slide, if any. 

A cross-section or the sample was cut into four pieces. The order parameter·oreach · 

piece was measured. The results are plotted in Fig. 3.16. The orientation is nearly the 

same throughout the sample except close to the surface, where it is somewhat Jower. 

Fig. 3.16 suggests that the surface is not the cause of the orientation gradient in the '+-

L 
01 
_..) sample. There are a number of other p068ible causes; one is that the surface was 
01 
E 
0 
L 

different chemically from the interior, either because of impurities or polymerization. 

0 
The gradient in orientation is not substantial, in any event. Cl... 

L 
01 

"0 Shearing the polymer has the effect or decreasing the order that can be induced in 
L 

the polymer for a given field strength and time in the field. The order parameter of the 0 

sheared samples is plotted ""· field strength in Fig. 3.17. The induced order is lower by 

about 10%. The rate of orientation may be higher for the sheared samples than the 

rate for unsheared samples. Data were taken only for times or. 5 and 20 min in the field 

at a single temperature for sheared samples, but in general no difference was found in 

the orientation or the samples after those times. 

D. Orientation Kinetics- HNATH 

The order parameters measured for IINATH after exposure to H = 63, 20, 15, and 

10 kG are plotted in Fig. 3.18-21. The results are similar to those for the 80/20 poly-

mer. Again the order parameter increases in a few minutes to a value that changes 

slowly with additional exposure to the field: (There is a slight drop in the order parame-

ter between 1 and 5 minutes for 10 kG, however, that is probably the result of errors in 

1 I I -- .-

I 
X X * I X 

X 

o~----~----~----~----~ 
0 1 2 

Sample Depth, mm. 

Fig. 3.16. Orientation profile of an 80/20 
HBA/PET sample exposed to a 63 kG field for five 
minutes at 350 • C. The top of the sample is 
zero sample depth. 
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sample placement, as discussed above.) The period of rapid increase is shortest at the 

highest field strengths. In one minute at 350" C, the order parameter of a HNATH sam-

pie exposed to a 63 kG field is 0.692, and after 20 minutes it is 0.770 (Fig. 3.18), which is 

a modest increase. On the other hand, the order parameter of a HNATH sample at 

349" C exposed to a 10 kG field is 0.329 after one minute, and 0.453 after 20 minutes, an 

increase of 50% (Fig. 3.21). At 20 kG, the order parameters measured after a one hour 

exposure to the field are apparently lower than those measured for shorter times. These 

samples were oriented in the superconducting magnet, while the others were oriented in 

the iron- core magnet. As discussed above, the probe for the superconducting magnet 

may have been close to the edge of the homogeneous field region, and the field strength 

may have been somewhat lower than 20 kG. 

The order parameters of the bottoms (the 1/2 mm adjacent to the glass slide) or' 

several HNATH samples were significantly higher than the order parameters measured 

for the tops of the samples. The order parameter of the top of the sample held at 

350• C in a 63 kG field for 20 minutes was calculated to be 0.770 (Fig. 3.18). The order 

parameter of the bottom of the same sample was 0.921, which was the highest order cal-

culated for any sample in this study. The order parameters of the bottoms of samples 

held for 5 minutes and one hour at 350• C were similarly larger than the order parame-

ters of the tops. 

The effect of temperature is less pronounced with HNATH than it was with 80/20 

HBA/PET, but there are again some similarities in the behavior of the two LCPs. As 

with 80/20 HBA/PET, the orientation is very slow at low temperatures. The order 

parameter of a 332° C HNATII sample is 0.289 after oue hour in a 63 kG field, while f 

~ 
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is 0.692 after one minute at 350" C. Unlike 80/20 IIDA/PET, increasing the tempera-
Table 3.8 

ture of a IINATII sample beyond 350° C does not appear to reduce the orientation. The ~ 

HNATH 5 kG 

order parameter of .a sample held at 370" C for 20 minutes at 63 kG is 0.805, which is 

350° c 340° c 
somewhat higher than the 0.770 measured for IINATII at 350• C. In the context of the 

previous discussion of the temperature effect on orientation of 80/20 HDA/PET, in 
I hr. CIF .047 Xc =50° · .154 Xc =60° 

which the decrease in order parameter with decreasing T Nl- T observed by A chard 
.. 

20 min. ClF .182, Xc .1 1 =15• .105, Xc .1 1 =15 
.373, Xc ,_]_ =45° .152, Xc ,_]_ =60° et.al. (1983) and Sigaud et.al. (1983) was recalled, such behavior suggests thaL T Nl for 

5 min. ClF .107, Xc .1 1 =15" .358, x c .1 1 =0 
.149, Xc .1 = 60 • .290, Xc .1 =30 

HNATH is significantly higher than T Nl Cor 80/20. 

I min. CIF .107, Xc .1 1 =15• .358, Xc .1 1 =0 
I .149, Xc,1=60° .408, X c .1 =60° 

i 

Orientations for HNATH for II ~5 kG were too low to present in a figure, as they 

were for 80/20 HBA/PET. The order parameters measured for these field strengths are 

therefore tabulated in Table 3.8 for II =5 kG and in Table 3.9 for II =I and 3 kG. 

Sheared, 
ClF 

The interpretation of the data at these low field strengths is even more difficult than for 

the 80/20 HDA/PET polymer because of the much higher order of the blank samples. 20 min. .157, Xc =50° 

Where I = 0.32 for the 80/20 blanks, I of the HNATH pellets was 0.780, and I of 5 min. .168, x. =60° 

the sample blanks was about 0.60. (The difference in order between the pellets and the ~--· -- --

Xc =75°. 
sample blanks is due to the partial relaxation that occurs during preparation of the sam-

pies.) In general, though, the calculated order parameters at these low field strengths 
A few of the points in Table 3.9 are anomolously high. After one minute at I kG, 

are comparable to those for 80/20 HBA/PET at the same temperatures. 
360° C, for example, the orientation is I = 0.52, whereas after 5 minutes, the order 

parameter is 0.235, with Xc = 45°. These data are probably due to misaligned pellets. 
Orientation data for 1 and 3 kG are also similar to those collected for the 80/20 

polymer (Table 3.9). The maximum orientation in the field direction is about 1 = 
T~e effect of misalignment is greater th.an it is for 80/20 HDA/PET because the residual 

orientation of the samples is greater. 
0.15, even after long times in the field. For two samples, the field was left at 1 kG for 

several hours at 332• C. After six hours, I was 0.133, with Xc = 60°. After twelve 
A plot of I vs. II for HNATII (Fig. 3.22) shows a smooth increase in I with 

hours, the orientation had not changed within experimental error: I was 0.167, with 
field strength similar to the increase for the 80/20 polymer. Again, exposing the sample 
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for HNATII after one minute and 20 minutes in the field. 
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l kG 

·lhr.CIF 
3kG 

I kG 

20 min. CIF 
3 kG 

1 kG 
5 min. CIF 

3kG 

I min. CIF 
3kG 
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Table 3.9 

HNATH I & 3 kG 

360° c 3so• c Other 

.06l,x,, 11 =o .378 .287, Xc =80 
.242, X c ,j =85 (327° C) 

.428, Xc =20° .196, Xc =15 (368° C) 
.143 Xc .1 1 =15: 
.355, Xc .1 =75 

.134, x. =so• .216, Xc.11= 10" 
.168, x. ,J =50 

.236, Xc =70 

.238, Xc =45 

.52, Xc =15° .197, Xc =55° 

(331° C) 
1 kG, 6 hrs. 

.133, Xc =60 

(332° C) 
I kG, 12 hrs. 

.167, Xc =15 

(332° C) 
3 kG, 10 min . 

. 142, x •. I 1 =7.5 

.260, Xc ,J = 60" 

-
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t.o the field for 20 minutes increases the orientation· somewhat over that observed after a 

one minute exposure. For 3 and 5 kG, no difference is shown in Fig. 3.22 in the orienta-

tion calculated for 1 minute in and 20 minutes in. The lack of difference reHects the 

difficulty in discerning orientation induced by the field when there is a large residual 

orientation hom the sample. 

The effect of shearing on orientation is much more pronounced for IINATII than 

for 80/20 (Fig. 3.23). The order parameter induced by fields ranging from I t.o 20 kG in 

samples that have been sheared at 100 sec-1 for 500 strain units is approximately 30% 

lower than the order parameter induced in unsheared samples. The reduction for the 

80/20 polymer was only about 10%. 

E. Blanke 

Samples of both polymers were held in the probes at 351° C for times comparable 

t.o thoee in the orientation experiments t.o determine the change in orientation of the 

samples resulting from relaxation. Results are given in Table 3.10. While much of the 

orientation of the samples relaxes in a few minutes, significant orientation persists for up 

t.o one hour. The orientation of a HNATH blank after one hour is f = 0.195, while for 

an 80/20 blank it is about 0.1. 

X-ray analysis of the bottoms of the blank samples shows some orientation of both 

of the polymers perpendicular t.o the glass surface. For 80/20 HBA/PET, the order 

parameter of the bottom is about 0.1, while for HNATH it is about 0.2. The tops of the 

samples remain oriented in the original draw direction, which shows that the inHuence of 

the surface does not propagate more than 1 mm into the bulk. 
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Table 3.10 

Blanke (No 11-field) 

351' c Bottoms 

80L2o 

1 hr. .129, Xc =75' .081, x. =40' 
! 

20 mins. 0, X,. 1 1 =00' .105, Xc =0 
.191, Xc .l =60' 

5 mine. .029, x •. 11 =90' 
.225, x •. l =90' 

.10, Xc =0 

0 min. .32, Xc =90' 

Pellet 0.42 x. =90' 

HNATH 

1 hr. .195, Xc =90' .193, Xc =0 

25 mins. .219, x •. 11 =30' 
.395, Xc,l =60' 

Pellet 0.77 

F. Relaxation Kinetics 

The kinetics of relaxation of orientation were measured for HNATH and 80/20 

HBA/PET by orienting the samples in 63, 20, or 10 kG 6elds and then withdrawing 

them (or turning the 6eld off, when the electromagnets were used) after exposure to the 

6eld of 1, 5, or 20 minutes. After removal, the samples were held at temperature for 

from 1 to 20 minutes before freezing. The order parameter of the frozen samples was 

calculated from X-ray scattering data. 

Typical results of the relaxation experiments are shown in fig. 3.24 for an 80/20 
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Fig. 3.24. Relaxation kinetics of 80/20 IIDA/PET 
at 370 • C from order induced by a one minute exposure 
to a 63 kG magnetic 6eld. 
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IIBA/PET sample at 370° C. After a one minute exposure, the orientation of the sam-

pie was I = 0.70·1. (This is the result of the orientation experiment described earlier.) 

After relaxing for one minute at temperature, the order parameter decayed to 0.5·13. 

After 5 minutes, I is 0.329, and after 15 minutes out, I is 0.234. 

The relaxation from orientation induced by a 63 kG field at 350• C is shown in Fig. 1~----~----~------r-----~ 

3.25. The kinetics for a one minute exposure to the field are similar to those measured 

i 0 - l Min in fiald 
4- 0 

)( - 5 •in in 
L I A - 20 min in 

at 370• C. After 20 minutes, the order parameter of a sample exposed to the field Cor 

one minute bas decayed from 0.764 to 0.132. Samples exposed to the field Cor longer 
Ql 
~ ~.k Ql times appear to relax more slowly: after 1 minute, the order parameter of a sample 
E 
0 

L 
A L 

0 0 a.. 
L 

exposed to the field Cor 20 minutes is 0.603, while the order parameter of a sample 

exposed to the field for one minute and held out of the field for one minute is 0.384. 

Ql 
"0 
L 

There is considerable scatter in the data, however, which may result in part from the 

a 
decomposition of the samples. There were usually large voids in 80/20 HBA/PET sam- ~ 1 

~ • 
ol I 

0 20 

pies held at temperature Cor more than 5 minutes, which were probably due to gas ever 

lution from polymerization of the polymer. Flow resulting from formation of these voids 

could have influenced the rate of relaxation of the samples in the neighborhood of the 

voids. Samples held at temperature for more than 20 minutes were filled with voids, so 
Time out (min.) 

Fig. 3.25. Relaxation kinetics of 80/20 HBA/PET 

that there was virtually no part of the sample that was unaffected by decomposition. at 350 • C from order induced by a 63 kG magnetic 
field. 

Reducing the field strength of the orienting field decreases the time required for 

relaxation. For a 20 kG field (Fig. 3.26), the order parameter relaxed nearly to zero in 5 

minutes for all times in the field. After one minute out of the field, the order of samples 

left in the field for 1 and 5 minutes was about 0.2; the order of the sample left in the 

field for 20 minutes was higher at 0.434. The order also decays rapidly from that 



4-

L 
w 

.t-> 
w 
E 
0 
L 
0 a.. 
L 
w 

"'0 
L 

0 

lr-----or-----.------~----~ 

0 - 1 •ln ln field 

I M - 5 •tn ln 
a:- 20 •in ln 

~ 
~ 

·~ 

~ 0 

X 

0 
·~ • 

0 20 

Time out (min.) 

Fig. 3.26. Relaxation kinetics of 80/20 lffiA/PET 
at 351 • C from order induced by a 20 kG magnetic 
field. 

189 190 

induced by a 10 kG field (Fig. 3.27). Arter 5 minutes, only the sample left in for 20 

minutes has significant orientation. 

I 
The kinetics for relaxation of IINATH at 350° C from orientation induced by a 63 

kG field are shown in Fig. 3.28. In general, HNATH relaxes more slowly than 80/20 

HBA/PET. After 20 minutes, a sample that has been in the field for 1 minute has 

relaxed from I = 0.692 to 0.202, where the 80/20 polymer relaxed from I = 0.764 to 

I = 0.132. There is also less scatter in the relaxation data. The absence of How due 

to formation of gas bubbles may have made the data more consistent: voids were rarely 

encountered in the HNATH samples. The relaxation kinetics for HNATH at 361° Care 

shown in Fig. 3.29. They are not noticeably different from the kinetics measured at 

350° C. The order parameter of the sample is still in the range 0.2-0.4 after the sample 

has relaxed for 20 minutes. · 

HNATH also relaxed more slowly than 80/20 HBA/PET at lower field strengths. 

The relaxation from a 20 kG field is shown in Fig. 3.30, and the relaxation from a 10 kG 

field is shown in Fig. 3.31. Significant order persisted for several minutes after the sam-

pie had been withdrawn from the field. The order parameter induced in HNATH 

(339° C) by a five minute expooure to a 20 kG field was 0.584. After five minutes out of 

the field, the order parameter was still 0.337. The order parameter of 80/20 HBA/PET 

in similar conditions (350° C) changed from 0.486 (five minutes in the field) to less than 

0.1 (five minutes out). 

3.4. Theory of Orientation Kinetics for LCPa 

In this section, a model for the kinetics of orientation of polymeric liquid crystals in 

a magnetic field will be presented. The model assumes that the LCP microotructure 
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consists of spherical domains of finite size, 1-10 pm in diameter. These domains are 

presumed to be surrounded by a nematic liquid. The strain induced in the' nematic by 

the rotation of the sphere acts as a linear spring that resists orientation of the domains. 

The model permits creep in time scales of minutes, however, and hence relaxation of the 

stress by the strain associated with distortion of the director. 

The ensemble of domains of the LCP is represented by a single sphere in the 

. model. In this sense, the model is a mean-field theory; the size distribution is replaced 

by an average size, and the single sphere rotates in a medium that has the average pro-

perties of the continuum that is made up of the collection of domains. The sphere has a 

direction defined by its magnetization, which is parallel to the director of the domain 

since x. >0. The angle between the magnetization and the applied field, H, is t/J. Resis-

tance to orientation of the sphere arises from the elastic stress exerted on the sphere 

boundaries by the Frank strain of orientation of the surrounding fluid and from the 

viscous drag of the fluid. The viscous drag in the model is that which a rotating sphere 

would experience in an infinite, isotropic fluid. 

To some extent, the model is based on the theories discussed above for orientation 

of low molecular weight liquid crystals and for rigid rods. Like the theory for rigid rods, 

Eq. (3.8), the model assumes that a viscous drag force impedes the orientation of the 

domains by the magnetic field. Like the theory for low molecular weight liquid crystals, 

Eq. (3.4), the model includes an elastic stress that limits the degree of orientation that 

can be attained at a particular field strength. The new aspect of the present model is 

the relaxation of the elastic stress, which has no analog in the L-E theory. Such stress 

relaxation is well known in conventional polymers, however. It arises because flexible 
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macromolecules that have been deformed in How require considerably longer times than au 
al/J = 11o V X • /1

2
sin 1/Jcosl/J . (3.26) 

low molecular weight molecules to reach an equilibrium conformation. 
V is the volume of a domain, and T is the elastic stress, which is assumed to relax 

The physical justification of the model comes from the observation of several inves-
according to the following relation: 

tigators (e.g. Alderman and Mackley, 1985) that LCPs contain numerous disclinations. 

Domain shapes may not be spherical, however. Zachariades et.al. (1982) found that the 
aT = .::!._ T + VK ~ ( a21/J ) . 
at >. at az 2 

(3.27) 

microstructure of 80/20 HBA/PET consists of lamellar domains 3(H0 pm in diameter 
In the above, e is the viscous drag coefficient, which equals 'lf'la 3 for a rotating sphere in 

with thickness 20(H00 A, and Viney et.al. observed threaded textures with length 
an infinite fluid (Happel and Brenner, 1968); a is the domain diameter; K is a mean 

scales of about 3 pm in 60/40 HBA/PET. Mackley et.al. (1981) made similar observ~ 
elastic stress constant from the Franck theory; and z is the direction of twist of the 

tions in the same material (60/40 HBA/PET), as did Joseph et.al. (1985). The drag 
local director, which is normal to the field direction. The reference direction is the direc-

torque on the domain will nevertheless remain proportional to the viscosity and to the 
tion of the magnetic field, so 1/J is the angle between the field and the director of the 

volume of the domain, as assumed by the model. The number of disclinations increases 
domain. f =(3cos21/>-1)/2 is the order parameter. The expression for the elastic stress is 

with shearing, which shows that the domain structure does not remain unchanged by 
a Maxwell-like constitutive relation, which is the expression that results from the addi-

flow, as assumed by the model; however, shearing is a much more o,:igorous deformation 
tion of a viscous dashpot and a linear spring; the Frank stress is recovered as >.-.oo or 

of the LCP than orientation in a field. Observations of HNATH in our laboratory show 
for short times (t< < >.)following from an unstressed state. 

that the domain structure remains intact over length scales visible in a 1500x microscope 
The thermal term in (3.25) represents the disorganization of the domains because 

(about 3 pm) when the LCP is held at constant temperature for periods of hours. (Aid-
of diffusion (c/. Bird et.al, 1977) with the approximation that the orientation distribu-

erman and Mackley, 1985, report, however, that disclinations introduced in a copolymer 
tion of the domains is equal to the first moment, f . With characteristic values 625° K 

with composition similar to IIBA/PET by shearing sometimes disappear in time scales of ' 
and w-6 dynes for temperature and K, however, diffusion is always much less impor-

minutes.) 
tant than elasticity except for small >. or very small a ( < 0.01 pm), and so diffusion was 

The model equation represents a balance between viscous drag, the elastic (restor-
neglected in the model calculations. 

ing) force, the magnetic (driving) force, and thermal diffusion, as follows: 
With the assumption thai the distance between domains is comparable to the 

~ al/J + au + T + 2k (temperature)/ = 0, 
at al/J (3.25) diameter of a domain,t the gradient in the director is given to a first approximation by 

t The di;tance between domains probably is independent of the size of the domain. The number 
h au. h . w ere al/J IS t e magnet1c torque : 



the following: 

a2.p ~ .P 
az 2 ~ ~' 

so that (3.27) reduces to (neglecting diffusion) 

dT _ -I T + 1rKa d l{; 
di-T 6€Tt· 
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(3.29) 

Equation (3.29) predicts that the elastic torque will follow the strain, l{;, linearly for 

short times, but will lag for longer times. The time constant for the relaxation is >.. For 

>-=oo, (3.29) reduces to 

T 

and the characteristic time in (3.25) is 

1rKa8 
6 

6e · 611a 2 
T=--=--

1f/(a K 
(3.30) 

This is the same as the characteristic time for relaxation given by the Leslie-Ericksen 

equations for orientation of a low-molecular weight liquid cr.ystal contained in plates 

separated by d (Eq. 3.7) when 'I="'IJ, a =d, and K =K 2. The characteristic time is 

much longer for polymers than for low molecular weight liquid crystals,. however, 

because of their much larger viscosity. For /( = w··6 dyne, a = 31Jm, and 11= 2500 

poise, T = 1350 sec. This is about 5 orders of magnitude longer than the characteristic 

time for low molecular weight liquid crystals. 

Equations (3.25) and (3.29) are coupled, first-order ordinary differential equations 

with boundary conditions l{;=l/;0 and T = T 0 at I =0. l/;0 = 54.7 • and T 0 = 0 for a 

of domains increases as 1/• 2
• however. which again gives (3 28). 
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macroscopically unoriented sphere. The equations were solved numerically using a 

predictor-corrector finite difference technique, an implicit, trapezoidal integration schem·e 

which converges as O(LH 3) (Lapidus, 1968). The scheme is outlined in Fig. 3.32. In a 

typical calculation, Eqs. (3.25) and (3.29) were integrated from t =0 to t = I hour with 

AI = 10 seconds. The accuracy specified for each step was 0.5%. The time required 

for the integration was about I minute for an IBM PC-XT using a compiled BASIC pro-

gram. Reducing the time step to I second did not change the results by more than the 

specified accuracy. The functions g and h in Fig. 3.32 refer to the derivatives of l{; and 

T respectively: 

dl{; l'ox.H
2

Vsin1{x:osl{; _I_= g(l{;,T,t) 
Tt = e e (3.3I) 

dT _ .::!..r + KV .!!..J!.. = h (1/;,T ,t). 
dt- >. a2 dt 

(3.32) 

Typical results of the calculation are shown in Fig. 3.33 for H = 10 kG, a = 3 #Jm, 

'1 = 2500 poise, K = 10~, and X = I X 10-7
. The order parameter increases smoothly 

with increasing t for all >.. For:>. = 10 min., I nearly reaches unity (complete orienta-

tion) in one hour. For higher>., the elasticity of the polymer inhibits orientation. At>. 

= 5 hr., the order parameter hardly changes for t >45 minutes; the plateau is about 

I =0.6, which is very close to an equilibrium balance between the ( unrelaxed) elastic 

stress and the magnetic torque. For I = 0.6, l{; = 3I 0 
, the magnetic torque per unit 

volume is 4.41 gm I cmsec 2, while the elastic torque per unit volume ( t/J-l/;0)/( I a 2 at the 

same l{; is 4.38 gm I cmsec 2. 

Figure 3.3•1 shows the development of the elastic torque with time as the orienta-

tion induced by the field changes for the same parameters as those in Fig .3.35. For 
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t/Jn +1 t/J 

T" +1 = T 

tjjn+1 = tPn+l 

Tn +1 = Tn +1 

Figure 3.32 

Numerical Integration of (3.31) & (3.32) 

[mRT] 
I 

( S~t- t/J0~ -T 0 , t -~~~ t ] 

I 
tjjn +1 = tPn + g (t/Jn 'Tn ,tn )·~t 
Tn+ 1 = Tn + h(t/Jn ,Tn ,tn )·~t 

I 

1 + [g (tjjn +1• Tn +l•tn +1) + g (t/Jn 'Tn ,tn ))·~t /2 

, + [h(tjjn+l•Tn+1•tn+l) + h(t/Jn ,Tn ,tn ))·~t/2 
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>.=10 r:nin., the torque increases for short times, but decreases for longer times. For 

>-=1 hr., the time after which the torque decreases is greater; and for >.=5 hr., the 
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torque increases continuously. Reducing the viscosity has the effect of shrinking the 

time scale, as shown in Fig. 3.35. The asymptotic order parameter for large >. is still 

about 0.6, but the time required to achieve this value is much reduced. 

Changing the size of the domains also has a significant effect on the order parame-

ter. In Fig. 3.36, the order parameter is plotted vs. 11 21 for a =l.5Jlm, II =10 kG, fJ= 

1000 poise. For >.=10 min., the rate of increase of f is only slightly smaller than the 

rate for f with 3 pm and >.= 10 min (Fig. 3.33). For larger >., however, the increased 

elastic stress associated with a greater number of domains (greater 1/ a 2) decreases the 

order that is achieved in a given time. For >.=1 hr., the order parameter after one hour 

in the field is predicted to be 0.25; this is less than one half of the order parameter 

achieved after one hour with a =3 I'm and the same >.. Increasing the viscosity expands 

the time scale for this smaller domain size, as shown in Fig. 3.37; longer times are 

required to achieve the same orientation as that in a polymer with a lower viscosity. 

The effect of the magnetic field strength predicted by the model is shown in Fig. 

3.38 for a = 3 Jlm, 'I= 1000 poise, and >. = 1 hr. For small H 2t, the logarithm of the 

order parameter increases linearly with 11 21 for all H. From (3.31) and (3.32), the slope 

of the line is proportional to ~. For 11 21 greater than about 5 kG7hr. , though, the 
'I ' 

order parameter depends on II more than on /1 21 because of the elastic resistance to 

orientation. At II = 3 kG, eight hours are required to achieve an order parameter of 

0.56. For H = 5 kG, J equals 0.63 after 3 hours, while f after 45 minutes at 10 kG 

is 0.72. For II = 63 kG, the field is strong enough to overcome the elastic energy com-

pletely, and the orientation reaches unity. 
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Relaxation from a specified orientation and torque can be predicted from (3.31) and 

(3.32) by setting II = 0, which makes the equations linear in 1/J. An analytical solution 

can be obtained for this case. The equations reduce to the following single second-order 

ordinary differential equation: 

The solution to (3.33) is 

d 
2

..p _ [I + KV ] d 1/J 
dt 2 - - >:" a 2~ dt 

1/J=Ar(l-e:f} 

(3.33) 

(3.34) 

with r = [_!_ + K
2
V )-I The integration constant A is the torque T on the sphere at 

A a ~ 

I = 0, divided by the drag force ~· A can be determined from the measured order 

parameter at a particular time t, but it then becomes another parameter of the model. 

The torque on the sphere can be computed from the model at any time, however, and 

relaxation following orientation can then be calculated from (3.34). Relaxation can also 

be computed numerically with minor changes to the algorithm of Fig. 3.32; the field is 

simply switched ofT after the specified time. The results of such a. calculation for II = 

10 kG, a =3 pm, q=IOOO poise, and A = I hr. are contained in Fig. 3.39, which shows 

the predicted response of the order parame.ter when the field is turned ofT after twenty 

minutes. The orientation increases smoothly while the field is on, following the calcula.-

tion shown in Fig. 3.35. When the field is turned ofT, the orientation relaxes to a plateau 

off = 0.18 in 20 minutes. 

Relaxation calculations with A as a. parameter are shown in Fig. 3.40. For >-=10 

min., the orientation relaxes less than 10%. For A= 20 min., the order parameter 

decreases by about 30% in the forty minutes after the field is turned ofT, while for A= l 
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hr., the order parameter relaxes by about 70%. For A = 5 hrs., f. relaxes nearly to 0. 

The relaxation of the elastic torques is shown in Fig. 3.41. For A=IO min, the torque 

relaxes within a few minutes after the magnetic field is turned off, while for A = I hr., 

the torque relaxes slowly. 

3.5. Comparison with Data 

The asymptotic behavior for orientation calculated vs. l/ 2t is shown in Fig. 3.42 

for 'I = 104 poise, which is the value of the viscosity of HNATH at low shear.rates (0.1 

sec-1) measured at 345° C with the Rheometries RMS-705 (Chap. IV); x. = 3.39 X 10·7 

emu cgs, which was the measurement using SQUID of the anisotropic magnetic suscepti-

bility of HNATH; K = w-6 dynes; and a = 1.5p. K and a have not been measured 

for these LCPs, but 10-e dynes is the order of magnitude of the three Frank constants 

observed in low molecular weight liquid crystals (de Gennes, 1974), and similar magni-

tudes have been measured for liquid crystal polymer solutions. Patel and DuPre' (1979) 

found K 2 = 5 X 10-7 dyne for liquid crystal solutions of polybenzylglutamate in tetrahy-

drofuran. 1.5 pm is in the range observed for domain sizes in LCPs. The maximum 

order parameter in Fig. 3.42 has been set to 0.850. The reason to do this is that the 

domains have an order parameter less than I because of thermal motion, and f = 0.85 

was the highest order parameter observed for 80/20 IIBA/PET in this study. Orienta-

tion data for 80/20 HBA/PET and HNATH are plotted vs. 1/ 21 in Figs. 3.43 and 3.44, 

respectively. Comparing the data to Fig. 3.42, there are obvious similarities. As 

predicted by the model, the order induced by all field strengths at low values of l/ 2t 

falls on a single line. From (3.31) and (3.32), the slope of this line is proportional to~
'1 

The order parameter increases at a much slower rate for all field strengths at larger 
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values of /1 21 . Also as predicted, samples exposed to lower field strengths have lower 

order for the same value of /1 21. Finally, as noted above, decreasing the size of the 

domain by shearing reduces the degree of orientation that can be achieved, and this too 

is in agreement with the prediction of the theory. 

The calculated orientation for H = 3 kG is greater than that calculated for II 

5 kG for 11 21 > 50 kG 2hr. (Fig. 3.42). The crossover occurs because at 50 kG 2hr. the 

maximum strain that can be achieved by the 3 and 5 kG fields without rela.xation·of the 

elastic stress has been reached. The sample has been exposed to the 3 kG field longer, 

however, 51/2 hrs. vs. 2 hrs. for the 5 kG field when 11 21 = 50 kG 2hr, and so the 

elastic force has had a. longer time to relax. 

The most obvious discrepancy between the model calculation and the data is that 

the slope of the 11 21 line is much steeper than was given by the chosen parameters. 

The slope can be increased to fit the data only by choosing a smaller viscosity. A plot 

of /1 21 with lj=1000 poise and keeping the other parameters unchanged is shown in 

Fig. 3.45. The calculated slope is much closer to the observed slope. For the 80/20 

polymer, the 1000 poise viscosity is close to the measured viscosity. For HNATII, how-

ever, this viscosity is low. It may be argued that the apparent bulk viscosity as meas-

ured with the Rheometries is higher than the Ouid connecting . domains, since the 

molecules in this region presumably lie parallel to the domains; it is also likely, howev~r, 

that cooperative motion between domains would ;ncrease the rate of orientation, and 

such motion has been left out of the model. 

There are further discrepancies between the data and the predictions of the model. 

At high field strengths, the model overpredicts the degree of orientation that can be 
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achieved at a given /1 21 . At low field strengths, on the other hand, the model under-

predicts the orientation. In terms of the model, this may be accounted for by a distribu-

tion of domain sizes. The larger domains orient most easily, while the smallest require 

the highest H 2t to orient. Again, however, the model may insufficiently represent the 

physical situation to adequately predict such behavior. 

The model shows similar agreement with the relaxation data. The computed 

response to a 10 kG field that is switched off after five minutes is shown in Fig. 3.46 for 

a sample with a = 1.5 pm, 'I = 1000 poise, >. = I hr. Plotted on the same figure are 

data for HNATH and 80/20 HBA/PET at 350° C. The 80/20 data are in excellent 

agreement with the model prediction. The orientation of HNATH persists longer than 

that of 80/20 HDA/PET, indicating a shorter relaxation time. Relaxation after exposure 

to a 10 kG field for 20 ininutes is plotted in Fig. 3.47. The data are in semi-quantitative 

agreement with the model. Again, the relaxation time for IINATH appears to be shorter 

than that for 80/20 HDA/PET. The difference in the apparent relaxation times may be 

due to the voids that formed in the 80/20 HBA/PET samples after about 20 minutes or 

so. Flow resulting from the void formation may have contributed to the disorientation 

of the domains. 

3.6. Discussion/Conclusions 

The orientation and relaxation experiments with IINATII and 80/20 HBA/PET 

described in this chapter demonstrate that these polymers have a number of properties 

that are not found in conventional flexible-coil polymers. The first difference is that the 

microstructures of flexible--coil polymers have length scales on the order of intramolecu-

Jar distances. Thermal diffusion prevents orientation of the chains in magnetic fields. 
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LCPs, on the other hand, appear to have domains of nearly uniform orientation. The 

scale of the LCP microstructure is the size of these domains, which is large enough that 

thermal diffusion is much smaller than the orienting torque of the magnetic field. 

Another difference is that where elasticity in Oexible-coil polymers is the consequence of 

stretching of the chain backbone into an extended configuration, elasticity in LCPs 

appears to be the result of imposing gradients in local orientation of the chains. A third 

difference is that where relaxation times of the order of seconds to minutes are typical in 

conventional polymers, relaxation times in LCPs appear to be on the order of hours. 

Apparantly the rigidity of the LCP molecules reduces the number of ways in which the 

molecule can relax an imposed strain. 

LCPs are also u_nlike low molecular weight liquid crystals in several ways. First, 

the higher viscosities of LCPs result in time scales for response to an imposed torque 

that are on the order of 106 times longer than those for their low molecular weight coun-

terpa.rts. Second, LCPs contain a much greater density of disclinations than do low 

molecular weight liquid crystals. The high density results in domain sizes that are typi-

cally of the order of microns. The disclinations appear to act like boundary constraints 

on the director, requiring that a Frederika-like critical field strength be exceeded before 

before the domain can orient. The LCP thus behaves in a magnetic field like a low 

molecular weight liquid cyrstal contained between boundaries separated by distances 

comparable to the distance between disclinations .. One might expect that this short 

length scale would have consequences for other LCP properties, and, in fact, some conse-

quences have been observed in other parts of this study. The viscosity of a monom- · 

domain liquid crystal, for example, is expected to scale with the inverse of the separation 

between the walls of the' containing vessel. In rheological experiments described in 
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Chapter IV, it is shown that changing the spacing between parallel plates had little 

effect on the measured properties. 

A final difference between LCPs and low molecular weight nematics concerns the 

mechanism available to LCPs to relax the elastic stress associated with gradients in 

orientation. The mechanism probably arises from the Hexibility of the polymer. The 

80/20 IIBA/PET copolymer, for example, has Hexible ethylene linkages separating the 

rigid HBA and T A moieties. Low molecular weight liquid crystals do not have such a 

mechansism available because they are rigid. This relaxation of stress implies that 

although an LCP may not orient in a weak field in short times, orientation may be 

induced by the field after very long times. 

The evidence for these assertions comes hom the experiments and the modeling. 

The first observation is simply that LCPs orient in magnetic fields, where Hexible poly

mers such as PET do not. Since x. for the LCPs and PET are nearly the same, there 

must be a difference in length scale. The .rapid increase in orientation at short times, 

and the subsequent slow increase in orientation over long times for all field strengths, 

implies the existence of two time scales, one elastic and one viscous. The success of the 

simple model, which is based on a viscoelastic conception of the LCP microstructure, in 

predicting the orientation kinetics in short and long 11 2t and the relaxation kinetics 

supports the assertion that the LCP microstructure is creeping under the applied stress 

of the magnetic field. The relaxation data also suggest that the LCPs are viscoelastic. 

Samples that are left in the field for long times relax more slowly than samples left in 

the field for short times, even though the order parameter induced by the field increases 

very little in the longer time. 
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The model of the orientation kinetics presented here is clearly a simple representa

tion of a much more complicated physical process. It is unlikely, for example, that 

domains orient independently of each other. Domains are clearly affected by the orienta

tion of other domains, and they may even share some molecules with contiguous 

domains. The similarity between the sharp decline of the magnetic susceptibility at a 

critical field strength measured by Noel et.al. (1981) and the Ising model prediction for 

condensation (See section 3.2.2.) suggests that, for their LCP system at least, interaction 

between domains was important. No analogous phase change was indicated in the 

present study for IINATH or 80/20 I-IBA/PET, but this does not necessarily imply that 

cooperative motion is unimportant. In fact, were the LCP to reach equilibrium (t >>T 

and X=oo), the orientation data could be successfully modeled with an Ising model with 

T > Tc.,;, . Tbe effectiveness of the viscoelastic model presented here in predicting the 

general behavior of the data nevertheless strongly suggests that orientation of the LCPs 

of tbis study is limited by the elastic stress, and that this elastic stress relaxes with time. 
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Chapter IV 

Processing of Liquid Crystal Polymers 

4.1. Introduction 

The anisotropy of structure of liquid crystal polymers (LCPs) gives them many 

desirable properties, including high strength in the direction of orientation and anisotro

pic thermal and electrical properties. At the same time, the anisotropy leads to much 

greater complexity of How over that of conventional, Hexible-coil polymers. In chapter I, 

for example, it was shown that a monodomain liquid crystal potentially has six indepen

dent viscosity coefficients and three elastic coefficients. The How of polymeric liquid cry

stals appears to be even more complex because of the' high density of disclinations that 

is typically observed and because or the possibility that liquid crystal polymers, which 

are not in general rigid over the entire length of the backbone, can relax an imposed 

elastic stress with time; a low molecular weight nematic, which consists of completely 

rigid molecules in general, can not. Disclinations, which represent a high elastic energy 

state for a nematic, do not disappear in a low molecular weight liquid crystal, for exam

ple. Disclinations in LCPs, on the other hand, have been observed to disappear (Alder

man and Mackley, 1985). There are thus new challenges associated with processing 

LCPs in ways that will optimize the properties of the product. Flow has been shown to 

align the molecules, but the How pattern and therefore the orientation also are inti

mately connected to the microstructure. A principal objective of this study is to 

describe this relationship between How and structure. 

2311 
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Some unusual aspects of the behavior of LCPs were revealed by the response of 

LCPs to a magnetic field, which was discussed in Chapter Ill. The first and most primi

tive observation was that where the field had no measurable effect on Hexible-coil poly

mers, orientation could be induced in the direction of the field in an LCP. This 

difference in the response to the field was found to be due to the larger scale of the 

microstructure of the LCP. Where a typical length scale of the polymer is on the order 

of intermolecular distances, the LCP microstructure is on the order of microns. 

Zachariades et. al. (1983) have observed platelet-like domains in 80/20 hydroxy benzoic 

acid / polyethylene terephthalate (80/20 HBA/PET), for example, of about 30 x 30 pm 

x 200 A size. 

Another observation made in the previous chapter was that the degree of orienta

tion induced in the LCP by the field depended on the strength of the field and the time 

the sample was exposed to the field. The interpretation given to this observation was 

that the LCPs are viscoelastic. Resistance to orientation of the domains appears to be 

analogous to the elastic resistance to orientation gradients in a low molecular weight 

liquid crystal, which was described in Chapter I. In contrast to the low molecular 

weight liquid crystals, however, LCPs appear to be able to relax this elastic stress, 

presumably by How. A third observation was that shearing an LCP before exposing it 

to the field resulted in substantially lower induced orientation. This is confirmation that 

the response of the poly mer to an applied torque is related to the microstructure, as it 

has been observed (Alderman and Mackley, 1985) that shearing the polymer reduces the 

scale of the microstructure of LCPs. 

The preceding remarks were intended to demonstrate the connection between 
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structure and How. In this chapter, the connection will be further explored with meas

urements on the rheology of several LCPs. Previous work and the theory pf How of 

LCPs will be reviewed. 

4.2. Previous Work 

4.2.1. Lyotropic Liquid Crystal Polymers 

Previous work on the rheology of liquid crystal polymers has been reviewed by a 

number of authors, including Wissbrun (1981), Baird (1978), Onogi and Asada (1980), 

and White (1985). A selection of the more recent investigations is reviewed also in this 

section. 

Most of the liquid crystal polymers for which data are available are lyotropes. For . 
these, the rheology differs considerably from that of conventiona), Hexible-coil polymers 

in many respects. Shear thinning of the liquid crystal polymer solutions is observed at 

shear rates that are several orders of magnitude lower than the transition shear rates 

that are observed in conventional polymers, for example. A Newtonian plateau is also 

commonly observed at moderate shear rates in LCP solutions. At higher shear rates, 

shear thinning is once again observed. (Onogi and Asada, 1980, first identified this 

behavior and named these three How regimes Regions I, II, and Ill, respectively.) Most 

unusual, perhaps, is that no Newtonian plateau has as yet been reported for very low 

shear rates. 

Berry et. al. (Venkatraman, Berry, and Einaga, 1985; Berry, 1985; Einaga, Berry, 

and Chu, 1985; Chu, Venkatraman, Berry, and Einaga, 1981) measured transient and 

steady-state rheological and rhea-optical properties of solutions of the rodlike polymer 
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poly{l,-l·phenylene-2,6-benzobisthiazole) {PPT) in methane sulfonic acid in the isotropic 

and nematic states. A single-integral constitutive equation of the form of a BKZ equa-

tion {Bernstein et. al. , 1963) was adequate to represent the measured dependence of 

shear stress on shear rate for the isotropic solutions. The viscosity reached a plateau at 

low shear rates. Over a signi6cant range of concentration of the polymer, the r.ecover-

able compliance was found to be virtually independent of concentration while the zero-

shear viscosity increased markedly with concentration. {The independence of the com-

s pliance with respect to the concentration has been predicted by Marrucci and Grizzuti, 

~ 
01 .... 1984.) The Doi and Edwards {1978) theory was found to be similar in form to the BKZ-

oi 
"0 

"' type equation. Where the BKZ equation allows a spectrum of relaxation times, however, 

< 
"0 

1::1 
the Doi and Edwards theory permits only one, and this limitation made the theory 

"' 
?""" 

·c;o 
g inadequate to represent the data. 

l=l b.O 0 
0 .. - Q) The viscosity of the nematic solutions showed typical three-region behavior: at low 

i 
~ 

shear rates, the viscosity decreased with increasing shear rate. At intermediate shear 
0 

11'1 
1::1 
0 

rates, the viscosity reached a plateau, and at high shear rates, the solution was once 
·c;o 
Q) .. 
d> 

again shear thinning . 
Q) .. 

..cl 
f-4 Metzner and Prilutski {1985) measured the shear-rate dependence of the steady-

.... 

..;. shear, dynamic, and extensional viscosities of a nematic solution, 40% hydroxypropylcel-

..0 - ~ lulose {IIPC) in glacial acetic acid. The steady-shear and dynamic viscosities were in 

good agreement over the shear-rate range tested, 0.004 to 100 sec-1. The three-region 

behavior that typi6es many other nematic solutions was not observed in HPC/acetic 

u ~0( 
acid; the solution was shear thinning over the entire shear-rate range. Small bubbles 

were observed to rise in the solution, showing that the shear thinning at low shear rates 

• 
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was not due to a yield stress. Extrudate swell was small, never larger than about 13%, 

a value typical of Newtonian (inelastic) fluids. 

Metzner and Prilutski compared the data to the prediction of the Doi and Edwards 

(1978) theory, which required estimation of two parameters, the dimensionless concen-

tration, c , and the rotational diffusion coefficient, 15,. Both were estimated from steady 

low shear-rate data. The concentration was determined from its relationship to the 

order parameter (Doi, 1980, 1981), as follows: 

f = .!.. + .! [ 8 ]1/2 
4 4 I--3c 

The order parameter, in turn, was determined from the measured ratio of the exten-

sional viscosity to the shear viscosity. This ratio is related to the order parameter f by 

the following (Doi, 1980, 1981): 

~ - 3(1 + f /2)2 

'l.lur - (I - 1)(1 + 3J /2) 

The rotational diffusion coefficient was calculated from the following (Doi, 1980, 1981): 

_ ckB T [(1-/ )2(1+2/ )(1+3//2)]. 
'I- 615, (I+ f /2)2 

f was found to be 0.70 for the solution; 15, was accordingly 20 sec-•. The uncertainty 

in 15, arising from the non-linear behavior of the fluid at low shear rates was estimated 

to be a factor or two. 

Predictions of the Doi-Edwards theory using the values of 15, and c calculated as 

above were in excellent agreement with the extensional viscosity measurements. Such 

agreement was expected, since the parameters of the theory were determined from the 
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extensional theory at low shear rates and the extensional stresses increased linearly with 

shear rate. Agreement between the theory and the steady shear viscosity was also good 

in general; the theory was unable to predict the measured shear thinning at low shear 

"' 
rates, however. 

Normal stress measurements have been made on a few lyotropic solutions, occa-

sionally with highly anomalous results. Kiss and Porter (1978,1980) found, for example, 

that over an appreciable concentration range nematic solutions of poly benzyl L-

glutamate (PBLG) exhibit negative normal stresses at intermediate shear rates. Mewis 

(1985) has found similar behavior in the same system, and Wissbrun (1981) cites other 

measurements of negative normal stresses in other systems. 

In addition to the shear thinning observed at low shear rates and the negative nor-

mal stresses, discrepancies have often been observed between dynamic and steady shear 

properties. Baird (1980), for example, found excellent agreement between ,• (w) and 

'I(?) for isotropic solutions of PPT at 60' C, while for nematic solutions at the same 

temperature, the agreement between 'I • and 'I was only fair. Aoki et. al. (1979) also 

found fair agreement of 'I • and 'I for PPT solutions at 60' C, but at 25 • C, the complex 

viscosity was significantly greater than the steady shear viscosity. Wissbrun (1981) cites 

other studies giving similar results, and also notes that in many studies it has often been 

found that the first normal stress difference, N 1o has been measured to be greater than 

the elastic modulus, G 1 
, by as much as two or three orders of magnitude. 

4.2.2. Thermotropic Liquid Crystal Polymers 

Until a few years ago, very little information on the rheological properties of ther-

motropic liquid crystal polymers had been published, and of the few studies reported, 
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m06t were concerned with the rheology of copolymers of hydroxy benzoic acid and poly 

ethylene terephthalate (IIDA/PET). New ~hcrmotropes have recently become available, 

and data are now available on these polymers as well. In all of the data from these stu

dies, there is no clear evidence that the visc06ity-shear rate curve can be reasonably 

divided into three regions as it can for liquid crystal polymer solutions. Visc06ity-shear 

rate curves reminiscent of three-region behavior have been measured for one or two LCP 

thermotropes in narrow temperature ranges .. In general, however, the thermotropes 

appear to be shear thinning from the lowest shear rates yet measured to the highest. 

Wissbrun (1980) found, for example, that over the shear-rate range 7 = .01 to 

1000 sec-1, the visc06ity of 60/40 HBA/PET decreased monotonically with shear rate for 

temperatures ranging from 210. C to 280. C. At 300. C, the dependence or the. viscO&

ity on shear rate was similar to a typical viscoelastic ftuid: the visc06ity appeared to 

reach a plateau near 10 sec-1, although the data were limited at these low shear rates. 

This change in the flow curve appears not to be related to a change in the nematic 

structure or to a shift to Region II behavior but to melting of crystallites, as suggested 

by X-ray scattering experiments. Similarly, the magnitude of the viscosity was found to 

depend on the temperature history of the sample. Samples loaded into the capillary 

rheometer at 300 • C and cooled to 210 • C had a viscosity an order of magnitude lower 

than samples loaded at 210 ·C. 

Jerman and Baird (1981) also found that the viscosity of 60/40 IIBA/PET 

decreased with shear rate over the range 100 to 1000 sec-1 for temperatures in the range 

260 • C to 285 • C. The copolymer 80/20 HBA/PET was also shear thinning in the range 

7 = 1 to 3000 sec-1 for temperatures in the range 275 • C to 330 • C. 
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Wissbrun ( 1 980) has measured the shear-rate dependence of viscosity of several 

other thermotropes, including a terpolymer of 60% IIBA, 20% dihydroxy napthoic acid 

(DIIN), and 20% terephthalic acid (TA), for which it was found that at low tempera• 

tures, 280 • C, the viscosity decreased monotonically in the shear rate range 1 = 3 to 

300 sec-'- At a higher temperature, 300 • C, a flow curve comparable to three-region 

behavior was observed. At 310 and 320 • C, the viscosity 6rst decreased with increasing 

shear rate and then increased before decreasing again. The shear thickening effect 

appeared to be greater when the polymer was extruded through capillaries of higher 

aspect ratio. At the highest temperature, 340 • C, the viscosity was nearly constant 

before thinning began at 300 ~ec- 1 . 

Another unusual property of thermotropic LCPs is that they display little or no 

extrudate swell despite the large normal stresses that have been measured. The max

imum extrudate ewell ratio measured by Jerman and Baird (1981) for the 80/20 

HBA/PET copolymer at 295 • C was 1.1 (for 7 = 1000 sec-1), and for the 60/40 

HBA/PET copolymer at 275 • C the maximum extruda~e swell w115 1.03 at the same 

shear rate. At these temperatures, extrudate swell increased slightly with shear rate. 

At lower tempera~ures, however, the extrudate swell decreased with shear rate. At 

275 • C and ;., = 1000 sec-1, for example, the diameter of the 80/20 HBA/PET extrudate 

was about 0.85 times the diameter of the die. At temperatures above 300 • C for 80/20 · 

~IBA/PET and 280 • C for 60/40 HBA/PET, the die swell of the copolymers approached 

that of the PET homopolymer. At 315 • C, for example, the extrudate swell ratio of the 

80/20 IIBA/PET copolymer was approximately 1.48, while that of PET at 285 • C, 1000 

sec-1 was approximately 1.53. 

.. 
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Simoff and Porter ( 1981) found the rheology of copolymers of 1,2-bis-( 4-hydroxy 

phenyl). ethane (bis phenol E) and isophthalate and napthalate to be similar to that 

described for the IIBA/PET copolymers. Two of the three compositions were found to 

be liquid crystalline, as determined from the turbidity of the melt an~ DSC scans. For 

the liquid crystalline copolymers, the viscosity decreased monotonically with increasing 

shear rate, from 1 = 1 sec·• to 1000 sec·• and for temperatures from 288 to 370 • C. 

The viscosity of the third copolymer was an order of magnitude higher than that of the 

liquid crystalline copolymers at comparable temperatures and shear rates, and the 

dependence of the viscosity on the shear rate was typical of isotropic polymer melts. 

The viscosity was shear thinning above a transition shear rate that depended on the 

temperature. Below this transition, the viscosity was essentially constant. Die swell of 

the extrudate of liquid crystalline melts was significantly less than that measured for the 

isotropic melt, which again is behavior similar to that observed in HBA/PET copoly-

mers. 

Suto et. al. (1982) and Shimamura et. al. (1981) measured rheological properties 

of thermotropic cellulose ethers, which are liquid crystalline to 200 • C. Over the range 

7 = .02 to 100 sec·•, the viscosity of the ethers was found to be exclusively shear thin

ning for temperatures in the range 160 to 190' C. Above the nematic-isotropic transi

tion temperature, the viscosity reached a plateau at low shear rates. The viscosity ·or the 

isotropic cellulose ether melt was much higher than that of the nematic melt. The iso

tropic melt at 200 • C had a viscosity about a factor of four higher than that of the 

liquid crystalline melt at 190' C, despite its 10' C higher temperature. The behavior of 

the cellulose ethers was thus similar to that of the HBA/PET copolymers and the 

(bis)phenol ph thalates. 
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Wissbrun and Griffin (1982) also measured rheological properties of a thermotropic 

polymer in the liquid crystalline and isotropic states. The complex viscosity and the 

steady shear viscosity of the polymer, a terJ)'olyester of p -hydroxy benzoic acid, p

hydroquinone, and 1,10 decanediol, were virtually identical and consdant over the shear 

rate range tested, 1 = 0.7 to 100 sec·• when in the isotropic state. The magnitudes of 

the complex viscosity and the storage modulus G 1 were independent of the strain 

amplitude in the range 0.07 to 0.35. 

The rheology of the terpolyester was very different when in the nematic state. The 

complex viscosity was shear thinning over the range tested, from w = 1 to 100 sec-1. 

The complex viscosity may have been approaching a plateau value at the highest shear 

rates. The storage modulus, G 1 
, on the other hand, appeared to reach a plateau at 

low shear rates. The product of the complex viscosity and the frequency,,· w (i.e., the 

dynamic analogy of the steady shear-stress), increased linearly with frequency, indicating 

that the data were consistent, but ,• w was not zero on extrapolating to zero frequency. 

This finite value was interpreted as a yield stress, but the authors noted the absence of 

the distortion in the transducer torque that would normally accompany a yield stress. 

In addition, the slope of the logarithmic plot of the complex viscosity vs. shear rate was 

about -1/2, where the slope expected for a yield stress is -1. 

Wissbrun and Griffin also noted an effect of geometry on the measurements. The 

values of ,• and G 1 measured with a cone and plate were significantly higher than the 

values measured with parallel plates. Shear history also affected the measured values of 

,• and G 1 
; with the largest effect occurring for measurements of ,• and G 1 at low 

shear rates. Thus,· decreased from 800 to 200 poise at w =I sec-• when the sample 
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was exposed to a steady shear of 2.5 sec-•, while ,· measured at w = 100 sec-• 

decreased from 100 to 45 poise after the same steady shear. The effect on G 1 was simi-

lar. Heat treating to above the nematic-isotropic transition point returned the sample 

to its pre-sheared condition. 

4.2.3. Theory 

Several explanations have been offered for the unusual dependence of the viscoeity 

of liquid crystal polymers on the shear rate. These have been discussed brieDy by 

Wissbrun (1981). Shear thinning arising from the competition between the orientation 

of the molecules at the boundary and the shear field, which was discussed in Chapter I, 

is one possible explanation. As the shear rate increases, the Dow of a nematic moncr 

domain is predicted from the Leslie-Ericksen equations to increasingly align the director, 

and this has been observed for some LCP solutions (Berry, 1985; Kulichikhin et. al, 

1982). Moreover, Berry {1985) found that the alignment of the solutions occurs cloee to 

the transition between shear thinning and Newtonian behavior. Thermotropes, ho~-

ever, do not orient significantly in shear Dow (Viola et. al, 1985), and as noted above, 

no clear evidence has as yet been found of Newtonian behavior at any shear rate for 

these polymers. 

A second explanation of the shear thinning behavior at low shear rates concerns 

the chemical compoeition of the LCPs, rather than the physical structure. It has been 

proposed that phase separation occurs during shear, and that shear thinning is due to a 

yield stress that is commonly observed in disperse systems (Nielsen, 1977). The slope of 
. ~-

the logarithmic plot of viscosity vs. shear rate expected for yield-stress behavior, how-

ever, is -1, while the observed slope is closer to -1/2, and so it is not likely that phase 
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separation alone can account for the shear thinning .. 

Onogi and Asada (1980) proposed a mechanism of How based on the domain struc-

ture of LCPs that would result in the three-region behavior (Fig. 4.1) typical of the 

viscosity-shear rate curve for many LCP solutions. The mechanism is shown in Fig. 4.2. 

At low shear rates (that is, in Region 1), flow in the sample is characterized by flow of 

domains, which generally retain their structural integrity. At higher shear rates, in 

Region II, the domains break down and become dispersed in -an otherwise homogeneous 

Duid. A~ the highest shear rates, in Region Ill, the domains have disappeared, and the 

flow is that which would be predicted for rigid rods. The How in this region is deter-

mined by the interaction of individual molecules rather than domains. Regio~s II and 

Ill are therefore typical of isotropic polymer Duids, while Region I behavior is the conse-

quence of defects in the liquid crystalline state of the sample. 

Marrucci (1984) and Wissbrun {1985) have proposed simple constitutive relations 

for the viscosity dependence on shear rate based on the three-region mechanism. Start-. 
ing from the one-constant expression for the elastic energy of deformation, (Eq. 1.4), 

1 . "'I 
E = -K'iln ·"" , 2 

(4.1) 

where 'i7R is the gradient of the director field, Marrucci noted that the local elastic 

energy associated with such defects is approximately given by the following expression: 

E •• ~ _.!S_ 
a 2 

0 

(4.2) 

where a 0 is the average size of a domain. He then assumed that the domains resist the 

deformation induced by How by an amount equal to this approximate elastic energy . 

The shear stress associated with deforming the domains from their initial size a 0 to a 

size a is then given by the following: 
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Fig. 4.2. Domain flow model (after Onogi and Asada, 1080). 
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r=K (~---\-)· a ao 
(4.3) 

A further assumption of the model is that How in the LCP is concentrated in the regions 

between the domains; that is, that the Huid between the domains is of much lower 

viscosity. The interstitial Huid is thus presumed to act as a lubricating layer. If the 

viscosity of this lubricant is q0, the shear stress required to shear the polymer at an 

overall rate of 1 is given by the following: 

ao 
u = 'lo"'-

a0-a 
(4.4) 

The apparent viscosity of the domain-and-Huid system is then found by equating (4.3) 

and (4.4). Witb :r = ~. we then obtain 
ao 

'lo 
q=t=;· 

wbere :r is given by 

(1-:r >(_!_-I) = ao
2
'1o1 

:r2 K . 

(4.5a) 

(4.5) 

The dependence of tbe apparent viscosity on the sbear rate predicted by (4.5) is shown 

in fig. 4.3. Shear thinning is predicted from arbitrarily low shear rates up to a transi-

tion shear rate given approximately by the following: 

2K 
= --2-...,,, •• , a o 'lo (4.6) 

As noted, no such transition has been positively identified as yet for thermotropic liquid 

crystal polymers. For lyotropes, ( 4.6) gives a reasonable predic'tion for the transition. 

With characteristic values for the physical constants, K = w-6 dyne, a 0 = 1 pm, and 
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Fig. 4.3. Prediction of Marrucci model (I 085) of 
viscosity dependence on shear rate. 
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'lo = 1000 poise, (4.6) predicts 1,, •• , ;;::,; 0.2 sec·I, which is in the range observed for 

lyotropes. The model thus accounts for Regions I and II of Onogi and Asada's ,three-

region mechanism. In addition, the prediction that the apparent viscosity depends on 

the square root of the shear rate at low shear rates is in reasonable agreement with lyo-

tropic and thermotropic data. The model does not predict Region Ill behavior, which is 

the consequence of the assumption that the How affects only domains and not molecules. 

Region Ill is expected to be reached only when the How is sufficiently strong to affect the 

orientation of each molecule individually. (Region Ill behavior should be predicted by 

the Doi (1981) theory.). 

" 
As a last comment, it should be remarked that the prediction of the response time 

of the Marrucci domain model is similar to the prediction of the Leslie-Erjcksen equa-

tions of the res_ponse of a nematic contained between parallel plates, which was previ-

ously discussed in 3.2.1. The time that the director of a nematic requires to relax to an 

orientation parallel to the easy axis of the plates when an orienting field is suddenly 

turned off was given in Eq. (3.7): 

1td2 

T = 1r2K 2 ' 
(3.7) 

where r is the relaxation time, d is the separation of the plates, and K 2 is the Frank 

elastic stress coefficient associated with twist. Comparing (3.7) with (4.6), it is apparent 

. that the transition shear rate is given by the reciprocal of the relaxation time r when 

a = d, to within a factor of 1r
2. 

The Marrucci model predicts that LCPs will shear-thin until the polymer is fully 

aligned with the How, which has been observed for LCP solutions; LCP thermotropes 



247 

display little orientation in flow, however, perhaps because of a much greater density of 

disclinations. In further contrast to the prediction of the Marrucci model, the viscosities 

of the thermotropes are shear thinning typically to at least 1000 sec-•. In an attempt to 

resolve these discrepancies, Wissbrun (1985) modified the Marrucci model to permit the 

number of domains to increase in response to an imposed stress. The total volume of 

the domains was held constant, as in the Marrucci model; the domains retain their origi-

nal shape in the Wissbrun model as the shear rate increases, but their size decreases, 

whereas the number of domains is presumed to remain constant in the Marrucci model, 

but the domain shape changes. This new assumption of the Wissbrun model appears to 

represent physical observations better, in particular those of Alderman and Mackley 

(1985), who found a systematic decrease in the spacing between disclinations in a ther-

motropic polyester with increasing shear rate, and a corresponding increase in the 

number of disclinations. 

Another central assumption of the Wissbrun m·odel is that the rheology of the 

domains can be represented by non-equilibrium molecular dynamics {NEMD; calcula-

tions of this type are reviewed by Evans, 1983). There are potential difficulties with this 

approach, as Wissbrun points out. NEMD computations involve interactions between 

molecular particles, which are assumed to remain unchanged in shape and size during 

flow. The domains, on the other hand, are presumed to change in size because of the 

flow. In addition, the domains in the model are not spherical, as are the particles in 

NEMD theory, but cubical, because they are required to be space-filling. 

Given the cubical domains, the change in the average elastic energy of distortion of 

the director field due to. a. change in size A (length of a side) of the domains is then 
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approximately the following: 

(1 _l)· ll.E = K -:42- Ao2 
(4.7) 

which is the same as Marrucci's result, (4.4), even though (4.7) is based on constant 

volume of domains and (4.4) is based on constant number. Wissbrun assumes, as did 

Marrucci, that the shear stress imposed on the polymer is equal to the elastic stress: 

T = ll.E = (rrl)opporenl (4.8) 

Using an approximate form for the viscosity given by NEMD calculations, 

Wissbrun arrives at the following set of equations to describe the domain flow: 

'1 = 'lo!1-C(>.-l)111 1 

'lo = '1 • (SDK )111 A / L 

. /(( 1 - _1 ) ' 
T= '1"1 = A2 Ao2 

(4.9) 

where 'lo is a zero-shear viscosity, >. is a characteristic time, D is the density of the 

polymer, L is the persistence length of the LCP molecule, '1 • is a. dimensionless function 

of reduced temperature and pressure, and C is a. constant that depends on the density 

and temperature. The characteristic time >. was assumed to be equal to the product of 

the compliance J and the viscosity. The compliance, in turn, was determined from the 

strain on a domain resulting from a displacement A divided by the elastic stress: 

so that 

J ~ 
(K/L'ZJ' 

>. = qAL /K . 

(4.10) 

(4.11) 

The relaxation time of the model depends on ·the viscosity and domain size at a given 
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shear rate, and it is therefore not a material parameter but a parameter of the domain 

structure. Regarding the other parameters in (4.9), characteristic values were chosen for 

specific calculations, except for the parameter C. Little information was available con-

cerning C, so it was treated as an adjustable parameter. q• was assumed to be con-

stant. 

The first normal stress difference N 1 was not given explicitly in Eqs. (4.9). From 

NEMD, however, N 1 should be proportional to ( 'A1)312
. 

Results of the Wissbrun model are shown in Fig. 4.4. There are several features 

not predicted by the Marrucci model. First, over a considerable range of llow, the 

viscosity is purely shear thinning. No Newtonian plateau is reached ~tt high shear rates. 

In terms of the Onogi and Asada model, the llow is thus purely Region I llow. Second, 

by varying the parameter C, the Wissbrun model is able to predict slopes in the loga-

rithmic plot ·of viscosity vs. shear rate ranging from -1 to -1/3. Third, a Newtonian 

plateau is evident at very low shear rates (1 < .001 sec-1). (A similar plateau would 

also be predicted by the Marrucci model, however, if the finite viscosity of the domains 

were included.) Fourth, the Wissbrun model predicts no significant increase in orienta-

tion of the LCP with an increase in shear, where the Marrucci model predicts that the 

LCP will be fully oriented in the Region II Newtonian plateau. 

The prediction of the normal stress of the Wissbrun model is shown in Fig. 4.5. 

The slope of the logarithmic plot again depends on the choice of the constant C. The 

curves for differing C converge at low shear rates, where the slope of the curve is about 

1. At high shear rates, the normal stress is predicted to depend on roughly the square 

root of the shear rate for small C, while N 1 is nearly independent of shear rate for large 
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C. The normal stresses of LCPs have been observed to have similarly small dependence 

on shear rate (Wissbrun, 1980). 

4.2.4. Discussion 

In summary of previous investigations concerning liquid crystal polymers, the rheol-

ogy of lyotropic and thermotropic liquid crystal polymers are similar in many respects. 

Both show shear thinning at very low shear rates. Both show viscosities that are as 

much as an order of magnitude lower than comparable isotropic polymers. D~spite the 

appeal of treating lyotropes and thermotropes as a single family having similar rheology, 

however, it appears that their behavior differs significantly in important respects. First, 

the How curve (viscosity vs. shear rate) of lyotropic systems can be neatly divid~d into 

three regions in general. (An exception is the How curve of HPC solutions (Metzner and 

. Prilutski, 1985), which showed shear thinning over shear rates from 0.004 to 100 sec-1. 

The success of the Doi model in modeling the How curve suggests that the thinning was 

due to Region III behavior, however, which is characterized by the interaction of indivi-

dual molecules and not by How of domains. Alternatively, Regions I and III may have 

overlapped in the HPC How curve.) For virtually all of the thermotropes examined to 

date, on the other hand, the viscosity has been found to be urtiquely shear thinning. 

Second, lyotropic LCPs are found to align significantly as a consequence of shear How, 

while thermotropes do not align to an appreciable extent. Third, normal forces meas-

ured for lyotropes have shown unusual behavior not yet encountered in thermotropes, 

specifically negative steady normal stresses (Kiss and Porter, 1978, 1980; lizuka, 1973), 

although Wissbrun (1980) measured transient negative normal stresses in a number of 

thermotropes. Lyotropes and thermotropes are apparently best modeled independently, 
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with the Marrucci model, which is based on the extension of domains, best suited for 

lyotropes, and the Wissbrun model, based on the breakdown of domains, for thermo-

tropes. 

4.3. Experiments 

4.3.1. Description 

With a few exceptions, notably the experiments of Berry et. al. (1985; Einaga 

et. al. , 11185; Chu et. al. , 1981; Venkatraman et. al. , 1985), the rheological mea.sure-

ments of liquid crystal polymers reported above were all made in short-duration experi-

ments. In view of the results of the experiments described in Chapter Ill concerning 

orientation with magnetic fields, however, in which it wa.s demonstrated thd LCP ther-

motropes have time constants on the order of hours, it was anticipated that LCPs might 

display rheological changes on the same time scale. Experiments intended to measure 

such changes are described in this section. 

The rheology or live thermotropic liquid crystal polyesters was measured a.s part of 

this study. The live polymers were 1) 80 (mol)% hydroxy benzoic acid/20% poly 

ethylene terephthalate (80/20 IIBA/PET), 2) 60% HBA/40% PET, J) 75% IIBA/ 25% 

hydroxy napthoic acid (HNA), 4) 50% IINA/25% terephthalic acid (TA)/25% hydro-

quinone (IIQ) (IINATII), and 5) JO% HBA/70% HNA. Complex and steady-shear 

viscosities and steady-shear normal forces were measured with a Rheometries Mechanical 

Spectrometer, model RMS-705, using both parallel plate and cone-and-plate geometries. 

The geometry or the RMS· 705 is sketched in Fig. 4.6. The bottom platen is driven by a 

motor with a digital _drive. The top platen is attached to a transducer, which measures 

To N2 
heat gun 
I 

/ 

Transducer 

Convection oven 

Platinum Resist 
~ Thermistor (PRT) 

to PID controller 

Fig. 4.6. Geometry of the Rheometries Mechanical Spectrometer 
model RMS-705. 
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the force required to shear a sample contained between the platens. Two transducers by fin-effect. Ily insulating the thermocouples, however, it was determined that the 

were available. One was capable of measuring torques up to 2000 gm-cm with an error sample thermocouple was giving accurate readings, and a Rheometries technician (C. 

of about I gm-cm. The other was a more sensitive transducer, capable of measuring Hild) subsequently confirmed that the thermocouple voltage was being accurately inter~ 

only 100 gm-cm torque but with an accuracy of 0.1 gm-cm. The sensitive transducer preted by the RMS-705 computer. It was also found that significant gradients in tern-

was used particularly to measure viscosities at low shear rates, which is where structural perature could exist in the oven. A difference of about 10 • C between the top and bot-

changes were expected to exhibit changes in the rheology. tom platens was not unusual, for example. The gradients were ameliorated by an 

Two sizes of platen were available for the sensitive transducer in the parallel-plate 
increase in flow rate of the heating fluid. 

geometry, 25 mm and 50 mm diameter. The cone-and-plate geometry was available Some modifications to the RMS-705 temperature control system were necessary to 

only in 25 mm diameter. The cone angle was 0.02 rad. The 2000 gm-cm transducer wa.s minimize decomposition of the polymers used in this study, which were all polyesters. 

equipped with cone-and-plate (0.1 rad cone) and parallel plate platens of 25 inm diame- Most sigificantly, nitrogen was used in place of air as the heating fluid in the convection 

ter. oven. It was found that by removing a needle valve in the gun heater, the pressure drop 

The temperatur~ of the sample in the RMS-705 is maintained with a convection 
though the heating system could be reduced enough that house nitrogen, with a pressure 

oven. Dry air at 80 psig is blown into the ovim through a gun beater, which consists of 
of 7 psig, was sufficient to supply the 2 SCFM the gun requires. 

a steel-encased ceramic shell filled with heating wire. A flow divider circulates tbe gas Another important modification to the temperature control system was the addi-

around the perimeter of the oven. Temperature in the oven is controlled by a PID con- tion of a water bubbler for the oven heating fluid (nitrogen) (Fig. 4.7). The bubbler was 

troller, which reads the voltage from a platinum resist thermistor (PRT) placed in tbe equipped with a silicone oil bath to heat the water, and with pinch clamps to permit a 

/ 

hot gas stream in the oven. The temperature of the sample is monitored with an iron- fraction of the nitrogen to bypass the bubbler. Time-dependent measurements without 

constantan thermocouple attached to the motor and contacting tbe underside of the the bubbler, which are described in detail later, indicated that chemical changes were 

bottom platen. occurring in the polyesters during the viscosity measurements even in the absence of 

The sample thermocouple was compared to iron-constantan and copper-constantan 
water and oxygen. The viscosity of PET, for example, increased by as much as a factor 

thermocouples placed at the same location as the sample thermocouple and between the 
of six during two hours in the melt oven at 285 • C. The addition of water to the nitro-

parallel plates. Accurate comparisons proved to be difficult because the added thermo-
gen improved the stability of the polyesters, although some decomposition was still 

couples, which had to be long to fit through the bottom platen, were cooled significantly 
. encountered. Chemical changes are discussed in detail below. 
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Polyester samples were prepared for the Rheometries by drying for three days at 

130 • C in a vacuum oven at 800 microns llg pressure. They were transferred to the 

RMS-705 in a nitrogen atmosphere. Nitrogen was also used as the heating medium. 

House ~~:::=::===========~======::;-;:::====:=::§Nz + H20 
to heat gun 

These precautions were required to prevent the substantial decomposition that can occur 

in polyester melts when the samples contain moisture or when oxygen is present. The 

plateau viscosity of 0.65 I.V. PET prepared with the technique just described is typi-

Hg Thermometer cally 3000 poise at 285' C, for example; this value is stable for more than an hour in a 

nitrogen/water vapor atmosphere, while after 10 minutes or 80 at 285' the viscosity o,f 

undried PET is about 200 poise in the same atmosphere. The decomposition of PET 

Water proceeds even more quickly in air. The viscosity of dried PET samples was reduced by 

an order of magnitude in a few minutes by exposure to air at 285' C. 

The vacuum system that was built to dry the polyester samples is shown in Fig. 

4.8. The system, which is known as a Schlenk line, consisted of two manifolds. One 

manifold was under vacuum, and the other was at atmospheric pressure. The vacuum 

Hotplate oven could be connected to either manifold through a three-way valve. The two mani-

folds were also connected to each other by a three-way valve, 80 that the atmospheric 

manifold could be evacuated and filled with nitrogen as required. The procedure esta-

blished for withdrawing samples from the oven was to evacuate the atmospheric mani-

fold, 611 it with nitrogen, and then 611 the oven with nitrogen by connecting it to the 

Fig. 4.7. Water bubbler Cor nitrogen heating fluid. 
atmospheric manifold. In this way the samples were always either under vacuum or in a 

nitrogen atmosphere. 

Some measurements of the viscosity of PET were made in an lnstron model 1321 

test machine equipped with an lnstron capillary rheometer and an 11,000 tb1 load cell. 



E -o 
E::: en 
0 0~ 

.Oen 
01:)0 
Oc;: 
-~ 

I M 
t 
N I~ 

z 
E ~ e 
LL {!. 

en 
u 
> 
0 
> 
>-
0 
~ 
I 

~ 

" 
® 

E 
:;)C 
:;)IJ 
o> oo 

I> 

259 260 

Samples tested in the lnstron were prepared and transferred in the same way as those 

prepared for the Rheometries. Before loading the samples into the lnstron rheometer, 

however, the additional precaution was taken of purging the rheometer reservoir with 

nitrogen using a spring-loaded attachment similar to one described by Wissbrun and 

Zahorchak (1971) (Fig. 4.9). Nitrogen pressure was held on the reservoir during loading 

as well. It was found that the temperature of the reservoir measured by the capillary 

rheometer was systematically low, probably because the thermocouple used to measure 

Ji the temperature was placed on the outside of the rheometer barrel. The temperature 
1:1. 

~ 
"' indicated by the thermocouple was compared to the reading of a mercury thermometer 
bO 
d 

~ placed in the barrel, with results indicated in Fig. 4.10. As shown in Fig. 4.10, at 

.. 
.2 300' C, the capillary thermocouple reading was about 20' C low. Measurements with 

8 
II> 
~ 

~ 
8 

the lnstron are indicated with (I) in the following. Measurements with the Rheometries 

are indicated with (R). 
~ 
~ 
u 

-t In general, agreement between the two rheometers was good. In Fig. 4.11, for 

'lli 
...;. 

example, are plotted data from the lnstron and from the Rheometries for a Celanese 

t.D 
~ industriai polymer, Celcon M270-04, supplied to us by K. Wissbrun of Celanese 

Research Co. Celcon M270-04 is sometimes used as a viscometric standard at Celanese 

because of its excellent thermal stability and reproducible viscosity. The Rheometries 

data agree well for this polymer with those of Wissbrun, which were taken with a 

Rheometries Mechanical Spectrometer model RMS-605. The lnstron data are somewhat 

higher. The discrepancy is probably the result of the signal averaging that is done 

automatically with the Rheometries but is not done by the lnstron. The lnstron signal 

is output more than once a second, but only a few of these can be recorded because lim-

ited reservoir volume restricts the length of an experiment, a problem that grows more 
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serious at higher shear rates. The Rheometries transducer, on the other hand, also puts 

out a signal more than once a second, and the variance in the signal is nearly as large as 

that of the lnstron, but the the Rheometries has a microprocessor that records all of the 

,.... 10
5 

Ql 
data in the course of the experiment and prints out the average. The data from the 

(/) .... 
0 

Rheometries instruments are thus probably more accurate. Data for Celcon U-1011, 
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another Celanese polymer with chemical stability similar to that of Celcon M270-04, are 

shown in Fig. 4.12. Again, the agreement between the Rheometries data and that of 

Wissbrun is good. 
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The temperature of the vacuum oven was set high enough to ensure that the sam-,.... E 0 E 
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pies would dry, but not so high that chemical changes might be a problem. In experi-

ments with a commercial PET supplied to us by Celanese, it was found that while oven 

temperatures of 120 • C or so were sufficient to dry the samples in two or three days at 

800 microns Hg vacuum, temperatures of 160 • C were sufficient to cause steady-state 

(.j 10
1 polymerization. The viscosity of PET dried for 5 days at 160 • C, for example, was 

10-1 10° 101 102 
measured to be IIOOO poise (1) at 20 sec-1, while that of PET dried for 5 days at 130'C 

Frequency (rod/sec) 
was about 3000 poise (I and R). After 8 days at 160 • C, the viscosity at 20 sec-1 was 

found to be 12,700 poise (I), and after 16 days at 160 • C, the viscosity at 20 sec-t was 

Fig. 4.11. Comparison of data of Wissbrun (Hl84) for 17000 poise (R). ·A standard IUPAC PET supplied to us by Kurt Wissbrun of Celanese 

Celcon 270-04 with measurements of the present study (100 • C). 
was even more sensitive to drying temperature. After 10 days at 160 • C, the viscosity 

had increased from about 2500 poise (R) at 20 sec-1
, 307 'C to 40000 poise (R) at the 

same shear rate. 

Intrinsic viscosities (I.V.s) of some samples of PET dried at 160 • C for various 

times were also measured. The procedure for these measurements was adapted from the 
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Fig. 4.12. Comparison of data of Wissbrun (IQ84) with 
with measurements of the present study for Celcon U-10-ll (IQO• C). 
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standard technique for measuring I.V.s or polyesters used at Goodyear (Wilson, 1984}. 

The solvent for amorphous PET was 60/40 wt% phenol/tetrachloroethane. About 0.1 

gm of PET is dissolved in a 25 ml volumetric flask filled 2/3 full with the solvent and 

held in a water bath at 40 • C. About 1 hour is required to dissolve the PET. At the 

end of this time, the flask is filled and placed in a 30 • C water bath for 15-30 minutes. 

The J.V. is then obtained from the drainage time of a dilution of the mixture in an 

Ubelhodde 18 viscometer and the Billmeyer equation, 

/.V. 
N, - 1 + 3XInN, 

(4.12}. 
4X concentration (gm /100 mi.) ' 

where N, is the ratio of the drainage time of the TOE/phenol/PET solution to the 

drainage time or the TOE/phenol solvent. Equation (4.12} wotks well for polyesters 

(Wilson, 1984). The J.V. of crystalline PET can be measured in the same way, but 

phenol/TOE will not dissolve the crystals. The solvent recommended by Goodyear for 

crystalline PET is 50 wt%/50% trifluoroacetic acid/dichloromethane, which gives 

instant burns and is a potent lachrymator. It must also be kept pressurized because it 

has a high vapor pressure. It was not used in this study because of the handling 

hazards. 

The as-received commercial PET was found to have an IV of about 0.65. The J.V. 

of the JUPAC PET was measured to be 0.73, which was somewhat higher than the 

measurement of 0.65 by Wissbrun (1985) for the same polymer. The value expected 

from the measured zero-shear viscosity or about 3200 poise and Gregory's (1973) correla-

tion of J.V., molecular weight, and viscosity is closer to 0.65. This correlation is the Col-

lowing: 
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I. V. = 4.68 .x 10-• (Al., )o68 (4.13) 

'lo = 1.13 X 10-13 
[ [exp ( -11.9755 + 68~· 1 

) ] (M., )35 ] , 

where 'lo is in poise and Al., is the average molecular weight. The samples that had 

dried for several days did not dissolve in the TCE/phenol solvent because they were cry-

stalline, but the J.V. of IUPAC PET dried 10 days at 160' C after extrusion through 

the lnstron was 0.973, indicating an average molecular weight almost twice as high as 

that of the undried sample (from 4.13). 

The temperature in the oven was reduced to 130 • C to minimize polymerization. 

Polymerization at this temperature was considerably slower, but still significant. After 

several weeks at 130' C in the vacuum oven, the zero-shear viscosity of the commercial 

PET increased from 3200 to 7200 poise (R). Samples were accordingly dried for only a 

few days in the oven. 

4.3.2. Rheological Measurement. of PET 

The complex viscosity-shear rate curve of the IUPAC PET measured at 285 • C 

with the RMS-705 fitted with the sensitive transducer, 25 mm parallel plates, is shown 

in Fig. 4.13 and compared to the steady-shear and oscillatory data on the same polymer 

at 285 • C of Wissbrun (1984; published in White and Yamane, 1985). Wissbrun's 

steady-shear data were taken with a Sieglaff-McKelvey capillary rheometer, while his 

oscillatory data were taken with a Rheometries Mechanical Spectrometer model 7200. 

The data taken her~· agree well with those of Wissbrun. The measurements made of the 

dynamic modulus G 1 are also in good agreement with Wissbrun's measurements. Data 

from the commercial PET is shown in Fig. 4.14. The viscosity-shear rate .curve is close 
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Fig. 4.13. Comparison of data of Wissbrun (1Q84) with 
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(285' C, in nitrogen-water vapor atmosphere). 
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to that of the IUPAC PET, although the viscosity of the commercial PET is slightly 

higher. The difference in viscosities may have been due to the different atmospheres in 

the melt oven. The commercial PET was measured in pure nitrogen, while the I!JPAC 

PET was measured in nitrogen and water vapor. The changes in the dynamic proper-

ties with time measured at 10 radjsec are plotted for each polymer in Figs. 4.15a. and 

4.15b. The complex viscosity of the PET in pure nitrogen increased by about a. factor of 

four in two hours, while that of the IUPAC PET in nitrogen and water vapor decreased 

slightly . 

A complete complex viscosity-frequency scan of the commercial PET after 2 hours 

in the water-free nitrogen atmosphere is shown in Fig. 4.16. The complex viscosity of 

the 'aged' sample (the sample held at 285 • C for 2 hours) was shear-thinning beginning 

at the lowest frequency, 0.1 rad/sec, where the complex viscosity was nearly four times 

as large as that of the unaged sample. The complex viscosity of the aged sample at the 

highest shear rate, 464 rad/sec, on the other hand, was only about 60% greater than 

that of the unaged sample at the same shear rate. The dynamic properties of the 

. IUPAC PET measured after 2 hours at 285 • C in the nitrogen-water vapor mixture are 

shown in Fig. 4.17. The shape of the complex viscosity-frequency curve of the aged 

sample is nearly unchanged from that of the unaged sample. The viscosity is lower by 

about 50%, however, suggesting that the concentration of water vapor in the incoming 

nitrogen stream was higher than was required to prevent polymerization. It appears 

that the water caused PET to depolymerize partially in this experiment . 

Measurements of the viscosity of the IUPAC PET have been carried out by several 

other laboratories and have been compiled by White and Yamane (1985). The variation 
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in the steady-shear viscosity shear rate curves measured by different laboratories was 

about a factor of two, or close to the variation seen in PET measurements made here. 

The discrepancy was thought to be due to variations in drying conditions; the viscosity 

of PET dried for less than 12 hours (at 160'C) was noticeably lower than that dried 16 

"""' 
10

6 hours. The viscosities reported by Celanese (K. Wissbrun, data given in Fig. 4.13) were 

among the highest measured. 
Ql 
(/) )( - 235 c .... 0 - 260 c 
0 
a.. X 

Measurements of the rheological properties of the LCPs listed above were made in 

"V' 
X 

* 
X 

X X 
0 

X X 
X 

~ X Ql )( X 0 
0 

4.3.3. LCP Measurements- Uoaged Samples 

L X 0 
0 X X 0 

10
4 0 X 0 

"""' 0 
E ~ 0 0 0 0 X 

the same way as the measurements of PET. Measurements on unaged LCP samples (no 

thermal history) are given in Figs. 4.18-4.22. The measurements were made on the 

RMS-705 with the sensitive transducer and 25 mm parallel plates without the water . 
CT 0 X 
(/) 0 0 

X '-
Ql 0 X X c 0 
>-. 0 

bubbler. Each polymer displays the shear thinning reported by several authors begin-

ning at very low shear rates (0.1 rad/sec). In some of the figures, notably that for 
-o 0 0 

0 0 "V' 
HBA/HNA 30/70, the .viscosity appears to be leveling off towards a plateau at the . 

10
2 l:> 

10-l 101 103 
lowest shear rates. This is probably the result of chemical changes to the polymer (See 

below.). For HBA/PET 60/40, the steady-state data or Wissbrun {1980) at 240'C are 
Frequency (rod/sec) 

compared with dynamic data measured for the same polymer at 235 • C in this study in 

Fig. 4.23. The dynamic viscosity measurements or HBA/PET 80/20 at 338 • C are com-

pared to the steady-state viscosity measurements of Jerman and Baird {1981) at 330' C 

Fig. 4.18. Frequency-complex viscosity curve of 60/40 lffiA/PET in dry N 2• 
in Fig. 4.24. The 80/20 HBA/PET data are slightly lower than those of Jerman and 

Baird, which may be due to the temperature difference of the sanples. The difference 

between the data of the present study for 60/40 HBA/PET and those of Wissbrun is 

significantly larger. The discrepancy may be partly due to the temperature difference. 
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with steady-shear viscosity measured by Wissbrun (1080) at 240' C. 
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Close to this temperature, there is a peak in the DSC trace of 60/40 IIlJA/PET, suggest-

ing a structure change (Wissbrun, 1980). Another part of the difference may be due to a 

difference between steady and dynamic properties near this temperature range. 

Although Wissbrun found 'I ~ 'I • at 240' C, 'I • was much greater than 'I at 210' C. 

The measurements may be somewhat high because of polymerization from two 

potential sources, drying in the vacuum oven and aging in the melt oven. h was not 

possible to make intrinsic viscosity measurements on the samples because the LCPs dis-

solve only in highly corrosive chemicals that are dangerous to handle. From experiments 

with PET, however, which has a chemical. composition similar to that of the LCPs in 

this study, the polymerization due to drying in the oven was probably not severe. On 

the other hand, stabilization of the temperature in the oven generally required 15 to 20 

minutes, in which time the LCPs may have polymerized to a significant extent. An indi-

cation of the magnitude of the difference is given by comparing Figs. 4.13, the frequency 

sweep of the IUP AC PET in nitrogen and water vapor, with Fig. 4.25, which shows a 

frequency sweep of the IUPAC PET in dry nitrogen. The visc06ity in dry nitrogen was 

measured to be about a factor of two higher than the viscosity measured in nitrogen-

plus-water vapor. Other measurements with PET in dry nitrogen in which the oven 

temperature was stabilized more quickly showed a smaller difference in the viscosity. 

4.3.4. Time Dependence or Viscosity 

A. Measurements in Dry Nitrogen 

For each LCP, the changes in the viscosity of the samples were monitored in time 

to determine whether structural or chemical changes were occurring during the experi-
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ment. Some chemical changes were expected, but structural changes were also antici-· 

pated because the LCPs were known to have a defect-filled microstructure. These 

defects represent large departures from the equilibrium (uniform director) condition for a 

liquid crystal, and it was thought tb at the microstructure would rearrange to a more 

favorable configuration in time scales of minutes to hours. The changes were followed 

by first shearing the sample to minimize the inlluence of the previous extrusion history. 

The storage modulus· G 1 
, loss modulus G 1 1 

1 and complex viscosity ,· were then 

recorded every five minutes for two hours or more. Data were taken at a frequency of 

10 rad/sec and 1% strain; the oscillatory motion \\las generally left on during the exper-

iment. The effects or plate spacing, temperature, and strain on the changes in the 

dynamic moduli were specifically investigated and are reported below. The results 

obtained in dry nitrogen are discussed first. 

As shown in Fig. 4.26 for HBA/HNA 30/70, G 1 increased by more than an order 

of magnitude when the sample was aged for two hours in dry nitrogen, while G 1 ,. 

increased by about the same amount. Similar behavior was observed in the other LCPs, 

Figs. 4.27-4.30, except that the moduli of the 60/40 HBA/PET copolymer increased 

more slowly. It would appear from Figs. 4.26-4.30 that the moduli are approaching an 

asymptotic value, but plotting the data semilogarithmically, as in Fig. 4.31 for IINATII, 

shows that the moduli increased continually. There was also a frequency dependence of 

the increase, shown in Fig. 4.32 for HNATJI at 345 • C. At low frequency (w < I 

rad/sec), G 1 increased by more than an order of magnitude, while at high frequency 

(100 rad/sec) the increase was only about a factor of two. 

The increases in the dynamic moduli were largely reversed upon steady shearing. 
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Two plo~ of G 1 and G 1 1 for IINATH at 315 ·c labeled 'Run I' and 'Run 2' are 

shown in Fig. 1.33. The first run was a time sweep such as has already been described. 

After this run, the sample was sheared for three revolutions of the motor (75 strain 

units) at 10 sec-1; this steady shearing reduced the moduli to less than their starting 

values at the beginning of the experiment. The second run was a time sweep of the 

same sample after the steady shearing. The moduli increased in the same way as before. 

A shear rate of 10 sec"1 was usually sufficient to return G 1 and G 1 1 to within a fac-

tor of two of their values at the start of aging. Higher shear rates did not further 

reduce the moduli to a significant extent, but lower shear rates did not achieve a rever-

sal equivalent to that caused by the 10 sec·1 shear. 

The frequency dependence of the relative increases in G 1 and G 1 1 resulted in a 

change in the slope of. the logarithmic complex viscosity-frequency curve that was 

apparently irreversible. For HNATII, the slope changed from about -J/2 to about -0.9-

at the end of two hours of aging. Complex viscosity-frequency curves measured for all 

of the LCPs before aging and after aging and shearing are given in Figs. 4.34-4.38. Fig. 

4.39 shows the complex viscosity curve for IINATH immediately after two hours of 

aging as well as before aging and after aging and shearing. The frequency dependence of 

'1 • can be clearly seen in Fig. 4.39. 

Increasing the percent strain of the oscillatory motion imposed during aging slowed 

the rate of increase of the moduli, as shown in Fig. 4.40 for JINATH. Increasing the 

strain from 1% to 10% reduced the increase in G 1 from a factor of about 10 in two 

hours to a factor of about 9. Similarly, the increase in G 1 1 was reduced from a factor 

of about 4 to a factor of 1.5. Reducing the strain below 1% had no effect on the rate of 
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increase. Turning the motor off between the periodic measurements did not. change the 

rate of increase in the moduli observed with constant oscillatory motion and 1% strain. 

Increasing the temperature increased the rate of increase of the moduli, as shown in 

Fig. 4.41 for HNATll. At the lowest temperature, 325 • C, G 1 increased very little for 

the first half hour, while at 375 • C, the increase was largest at the beginning of aging. 

After an hour or so, the rate of increase was higher at 325 • C than at 375 • C, and after 

two hours the values of G 1 were nearly the same at all temperatures. 

The increase in the moduli was apparently not due to bulk reorientation of the 

polymer. X-ray diffraction photographs of cross- sections of aged HNATH samples cut 

parallel and perpendicular to the plates showed that the average orientation of the poly-

mer molecules, which was small and parallel to the plates because of the imposed shear, 

did not change after two hours. The photographs also indicated that t~e sample 

remained amorphous. (More precise photon-counting measurements showed that the 

order parameter induced in an unaged HNATH sample by a 100 sec-1 shear was less 

than 0.1.) Another indication that the bulk was not reorganizing was the lack of depen-

dence of the rate of increase of the moduli on the plate spacing. Decreasing the plate 

spacing from 2 mm to 0.25 mm had no obvious effect on the rate of increase of the 

moduli, as shown in Fig. 4.42 for IINATH. A strong dependence should have been 

observed if orientation or structure were propagating into the bulk from the platens. 

The increase in G 1 and the decrease in the slope of the frequency-viscosity curve 

were indications that the polymer was becoming more solid-like. No clear eVidence of a 

yield stress was found, however, even after 3 hours of aging. Clipping of the torque in 

oscillatory flow was not observed, and the samples could not resist the lowest shear 
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stress that could be maintained by the RMS-705 (I gm-cm, or 300 dyne /cm 2 with the 

25 mm platens). Fig. 4.43 shows the strain response of HNATII aged 3 hours to an 

imposed 300 dyne/ em 2 shear stress. Plots of the dynamic equivalent of the shear stress 

va. frequency did not show evidence of a yield stress, either. q• w apparently decreased 

to zero at zero frequency for unaged HNATII in nitrogen-plus-water vapor (Fig. 4.44) 

and for HNATH aged 4 hours in dry nitrogen (Fig. 4.45). The dynamic stress of PET 

aged 2 hours in dry nitrogen similarly decreased smoothly to :&ero (Fig. 4.46). 

Time-dependent effects were observed also in steady-shear measurements. Fig. 4.47 

is a plot of the steady-shear viscosity of unaged HNATH in dry nitrogen v.,. shear rate, 

with data points taken after l.S minutea of shearing at each shear rate. There was an 

apparent hysteresis observed in the viscosity when the shear rate was first increased and 

then decreased. The viscosity of the sample was an order of magnitude higher at lo~ 

shear rates when the shear rate was being increased than the viscosity measured at the 

same shell.r rate when the shear rate was being decreased. There was also an apparent 

Newtonian plateau at low shear rates, which persisted to about 0.1 sec-• when the shear 

rate was being increased; the plateau was not reached until 0.001 sec-• when the shear 

rate was being decreased. The viscosity measured at this plateau, 2XI08 poise, was 

essentiaJiy the same as that measured in the creep experiment (Fig. 4.43). At intermedi-

ate shear rates, there was another apparent. Newtonian plateau reminiscent of Region II 

of the Onogi and Asada {1980) flow curve when the shear rate was being decreased. The 

plateau at this shear rate was much less pronounced when the shear rate was being 

increased. The hysteresis in the viscosity disappeared only at high shear rates, at 10 

sec-• and above. 
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Fig. 4.43. Strain response of a HNATH sample aged 4 
hours at 345 • C in dry nitrogen. 
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The complex viscosity is also plotted for HNATH in Fig. 4.47 for the case of no 

aging. 'I • was bounded at low and intermediate shear rates by the steady-shear data 

for the sweep up and down. At high shear rates, ,• was somewhat lower than the 
150000r---~----~----~--~----~ 

steady-shear data at high shear rates. After aging for two hours, the slope of the 

viscosity-frequency curve decreased, apparently becoming more solid-like. 
/. 

/ A comparison of the above results with those from a similar experiment with PET 

0 I / m 
suggests that the measured changes in the dyamic moduli were primarily due to chemi-

Ql 

~ 
E / 
0 

• / 
0 / ...., 
01 / 

cal changes and not structural changes. The magnitude of the increases of the dynamic 

moduli of PET was about the same as it was in the LCP samples, and shearing also 

partly reversed the increases, as shown in Fig. 4.48. 
/ 

/ 
)< B. Measurements in Nitrogen/Water Vapor 

/ 
/ 

)( 

/ 
The large increases observed in the dynamic moduli G 1 and G 1 1 which resulted 

0~ 
0 10 

from holding the LCPs above the melt temperature in nitrogen atmosphere for periods 

Frequency (rod/sec) 
of hours indicate that structural or chemical changes were occurring. The time scale 

over which the changes in the moduli occurred is about the same as the time ·scale found 

in the orientation of LCPs in magnetic fields, which suggests a connection between the 

Fig. 4.46. Dynamic stress '1 • w vs. frequency (w) changes in the moduli and a relaxation process like that described in Chapter III.· 
of PET aged 2 hours at 285 • C in dry nitrogen. 

Chemical changes were also expected to occur, however, and so aging experiments were 

carried out for PET in an attempt to separate the chemical changes from structural 

ones. Some results of these experiments have already been discussed. The complex 

moduli of PET were found to increase in magnitude with aging in dry nitrogen nearly as 

much as did those of the LCPs. It was also found that the increase in the moduli in 

PET was reversible partly with steady shearing, as it was for IINATH. Since PET has a 
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chemical composition similar to that of the LCPs examined in this study, it appears that 

much of the increase in the moduli reported above was due to polymerization. Other 

experiments confirmed that chemical changes had occurred in aged samples. A IINATH 

sample aged for two hours was analyzed for us by Celanese (Jaffe, 1986). The sample 

showed a significant increase in intrinsic viscooity. Moreover, it was found that many of 

the changes in the rheological properties documented above could be reversed by simply 

removing the material at the rim of the platens. The water bubbler was installed as a 

means of suppressing polymeriution when the extent of the chemical changes occurring 

to the LCPs was discovered. 

Many of the unexpected changes in the moduli were no longer observed when water 

vapor was added to the nitrogen heating Huid. The viscoeity of PET, for example, cou!d 

be held constant over a period of several hours, as was shown in Fig. 4.15a. The moduli 

were also virtually unchanged in the same time period. Similar results are shown in Fig. 

4.49 for HNATH. Moreover, the moduli could be made to increase or decrease by chang-

ing the amount of water added to the nitrogen. In the measurements shown in Fig. 4.50 

of the dynamic moduli of IINATH at 345 • C, one-half of the ftow rate of nitrogen was 

passed through the bubbler for the first 1-1/2 hours of aging, with a water temperature 

of 36 ·C. During this period the moduli remained nearly constant or decreased slightly. 

The temperature of the water was then reduced, whereupon the moduli began to 

mcrease. After a further !5 minutes the entire How of nitrogen was diverted through 

the bubbler at the reduced temperature, and the moduli decreased to their earlier 

values. 

Although the complex viscosity could be controlled to be constant at a given shear 
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rate by judicious addition or water vapor, changes in the complex viscosity-rrequency 

curve were still observed. Enough water vapor was added to the nitrogen to maintain a 

nearly constant complex viscosity at 10 rad/sec ror IINATH; the frequency curves meas-

ured berore and arter aging are shown in Figs. 4.51 and 4.52, respectively. The viscosity 

at 10 rad/sec was about 10% higher arter 4 hours. The complex viscosity at low rre-

quencies was significantly higher in the aged sample than in the unaged sample {a ractor 

or rour aL 0.1 rad/sec), while the viscosity at 464 rad/sec was about 10% lower in the 

aged sample. Hysteresis in the steady-shear viscosity or the aged sample was observed 

(Fig. 4.53), just as it was in samples aged under dry nitrogen. The viscosity was greater 

when the shear rate was being increased than when it was being decreased. In addition, 

the viscosity appeared to reach a plateau at low shear rates, although this plateau was 

much lower when the shear rate was being decreased. The rrequency curve at the end or 

shearing was similar to the curve at the start or the experiment (Fig. 4.54). These 

changes were apparently not associated with changes in structure, because the rrequency 

curves or PET bdore and arter aging, Figs. 4.55 and 4.56, showed similar changes when 

the viscosity was conholled to be constant at 10 rad/sec. Steady shearing at 10 sec~1 

returned the llow curve to its original shape, although the viscosity was somewhat lower 

(Fig. 4.57). 

While most or the time-dependent changes in the moduli observed in the LOPs 

were also round to occur in PET, some significant differences between the behavior or 

the LOPs and that or PET were observed that may not have been due to chemical 

changes. In particular, shearing HDA/PET 80/20 significantly reduced the complex 

viscosity. The rrequency curve or unsheared HDA/PET 80/20 measured at 338 • 0 with 

addition or water vapor to the nitrogen heating lluid is shown in Fig. 4.58 (previously 
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given as Fig. 4.19). Shearing the sample at 100 sec-1 reduced the magnitude of the 

viscosity by about a factor of 5 to 10 (Fig. 4.59). Waiting for about 10 minutes restored 

the viscosity to within about a factor of two of its original value (Fig. 4.60). Similar 

changes would be expected if the polymer were polymerizing at the edge, and there is no 

positive indication that polymerization was not occurring. The addition of water vapor 

reduced the effect of chemical chan.ges, however. Such changes would also be expected if 

the polymer were recovering from an orientation induced by the flow, and orientation 

induced by flow has been measured for 80/20 HBA/PET. At 100 sec-•, the order 

parameter was 0.35, as measured by X-ray diffraction of the cooled sample . 

4.4. Summary and Discussion 

The data presented in this chapter show first of all the sensitivity of polyesters to 

the preparation of the sample and to the atmosphere in the rheometer oven. From the 

com.parison with the PET data and the I.V. measurements made on aged samples, for 

example, it was shown that the changes in time of the dynamic moduli observed in 

LCPs in dry nitrogen atmosphere were due primarily to polymerization. The increase in 

the viscosity of PET dried in the vacuum oven at temperatures exceeding 150 • C 

showed that polymerization can occur also in the solid state. Effective means of 

preventing polymerization have been proposed, including specifications for the tempera-

ture of the vacuum oven used to dry samples and the requisite drying time and a water 

bubbler to humidify the oven heating fluid. Chemical changes were shown to occur even 

when these steps were taken. The chemical changes that occurred in nitrogen-plus-

water vapor atmosphere were probably due to drying the samples too well: if the poly-

mer is too dry, the samples in the vacuum oven are not at equilibrium, and so polymeri-
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Fig. 4.58. Complex viscosity-frequency curve of 80/20 HBA/PET 
(338 • C) in nitrogen/water vapor; no aging. 
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zation can occur near the center of the parallel plates. The center is unaffected by th_e 

composition of the heating Huid, and so polymerization there could not be controlled by 
ft • 
1!1 addition of water vapor. • . .. 

....-T-. • • ' I" I I I I I I ~ The next conclusion is that the LCPs examined in this study have shear thinning 

·I • .. E-< 
regions that extend throughout the shear-rate range measured, from 0.1 to 1000 rad/sec . 
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A Newtonian plateau was observed in steady shear How of HNATH in dry nitrogen 

atmosphere, but this was probably an artifact due to polymerization. This result agrees 

with those of virtually all other researchers concerning thermotropic LCPs, as discussed 

• 4 • l 
(5o .... 

41 .. 
t 0 
;:1 ~ 

0 • u "' .. ~ >.> 
u u .. 

~ 41 
:)! 41 iii 

0 4 • t:- ..... g. !!: ..: 
~ 2!-"' 
It: 'i'~Jl 
0 >. 1>11 "' 

• .. • I ~ 
~e» 
B .~ 1l u. u ~ 41 

·~ .9 ~ 

in 4.2.1. The slope of the logarithmic plot of the viscosity shear-rate curve was about 

-1/2 for all of the LCPs. 

A third conclusion is that shearing of the LCPs may in some cases change the com-

plex viscosity. For the 80/20 HBA/PET copolymer, it was found that shearing at 100 

sec-• reduced the viscosity by as much as an order of magnitude. The polymer appeared 

• 40 L >< ...-..e 
41 (.) u -a.. ~ 

to recover in about 10 minutes. These viscosity changes are similar in many ways to 

aoog 
1:" 

•• .. r OM 
0~ .... 

those due to polmerization, and there is no positive evidence that this was not occurring; 

g the viscosity reduction may also have been related to a change in structure, however, as 
0 • .. r ...j. 

.,0 .. ~ 
0 • .. L a 

I 

~ 

suggested by X-ray diffraction analysis. The order in the direction of How of 80/20 

HBA/PET was increased significantly by shearing. This order may have led to a reduc-

, ..... , ..... -~.: 
.. a 
0 • • 
l!l <O>•Vl3 <O> .. ~ <V> .~ w 
0 

. .. 

tion in the viscosity, as such a reduction would be predicted for rigid molecules aligned 

in the direction of How (as predicted by e.g. the theory of Doi and Edwards, 1978). 

..: The time scale for the recovery, about 10 minutes, was close to that observed for the 

relaxation of orientation of 80/20 !IDA/PET, as discussed in Chapter III. 



329 330 

References Doi, M., and Edwards, S.F. (1978). 

J. Chern. Soc. Faraday Trans. 2, 74, 560, 918, 1789, 1802, and 1818. 

Alderman and Mackley (1985). 
Einaga, Y., Berry, G.C., and Chu, S.G. (1985). 

Faraday Discuss. Chern. Soc., 17, paper 12. 
Polymer J. , 17, 239-251. 

Aoki, H., White, J.L., and Fellers, J.F. (1979). 

J. Appl. Polym. Sci. , 23, 2293-2214. 
de Gennes, P.G. (1974). 

"The Physics of Liquid Crystals", 

Baird, D.G. (1980). Oxford University Press: London. 

J. Rheol. , 24, 465-482. 
Gregory, D.R. (1973). 

Baird, D.G. (1978). Trana. Soc. Rheo., 17, 191-195. 

in "Liquid Crystalline Order in Polymers", 

pp. 237-259. Academic: New York. 
lizuka, E. (1973). 

J. Phys. Soc. Jpn. , 35, 1792. 

Bernstein, B., Kearsley, E.A., and Zapas, L.J. (1963). 

Trana. Soc. Rheol. , 7, 391. 
Jaffe, M. (I 986). 

Personal communication. 

Berry, G.C. (1985). 

J. Chern. Soc. , Faraday Disc. , 79. 
Jerman, R.E., and Baird, D.G. (1981). 

J. Rheol. , 25, 275-292. 

Chu, S.G., Venkatraman, S., Berry, G.C., and Einaga, Y. (1981). 

Macromolecules , 14, 939. 
Kiss, G., and Porter, R.S. (1978). 

J. Polym. Sci. Polym. Symp., 85, 193-211. 

Doi, M. (1980). 

J. Polym. Sci. , Polym. Phys. Ed. , 18, 1005 and 2005. 
Kiss, G., and Porter, R.S. (1980). 

J. Polym. Sci. , Poly. l'hys. Ed. , 18, 361. 

Doi, M. (1981). 

J. Polym. Sci. , Polym. Phys. Ed. , 19, 229. 
Kulichikhin, V.G., Kudryavtsev, G.l., and Papkov, S.P. (1982). 

Intern. J. Polymeric Mater. , 9, 239-256 . 

• 



., 

Marrucci, G., and Grizzuti, N. (198·1). 

J. Non -Newtonian Fluid Alech. , 14, 1!)3. 

Marrucci, G. (1984}. 

in "Advances in Rheology", vol. I. 

(Proc. 911 Int. Conr. Rheol., 1984} 

B. Mena, A. Garcia-Rejon, and C. Rangol-Naraile, eds, p. 441. 

Ciudad Universitaria: Mexico. 

Metzner, A.B., and Prilutski, G.M. (1985). 

Paper presented at 56" Annual Meeting or the 

Society or Rheology, Blacksburg. 

Mewis, J. (1985}. 

Paper presented at 56" Annual Meeting or the 

Society of Rheology, Blacksburg. 

Nielsen, L.E. (1977}. 

"Polymer Rheology", chapter 10. 

Marcel Dekker: New York. 

Onogi, S., and Asada, T. 

in "Rheology", Vol. I, Astarita, G., Marrucci, G., and Nicoois, L., eds. 

(papers presented at 814 International Congress on Rheology, 

Naples, 1980}, 127-147. Plenum: New York. 

Shimamura, K., White, J.L .. and Fellers, J.F. (1981}. 

J. Appl. Polym. Sci. , 26, 2165. 

331 

Simoff, D.A., and Porter, R.S. (198·1}. 

Mol. Crysl. Liq. Crysl. , 110, 1-26. 

Suto, S., White, J.L., and Fellers, J.F. (1982}. 

Rheol. Acta, 21, 62. 

Venkatraman, S., Berry, G.C., and Einaga, Y. (1985). 

J. Polym. Sci. , Polym. Phys. Ed. , in press. 

Viola, G.G., and Baird, D.G. (1985}. 

Paper presented at the 5614 Annual Meeting 

the of Sociey of Rheology, Blacksburg. 

White, J.L. (1985). 

J. Appl. Polym. Sci. , 41, 241-267. 

White, J.L., and Yamane, H. {1985}. 

Pure & Appl. Chern., 67,1441-1452. 

Wilson, K. (1984}. 

Personal Communication. 

Wissbrun, K.F., and Zahorchak, A.C. (1971}. 

J. Polym. Sci., A-1, 9, 2093. 

Wissbrun, K.F. (1980}. 

Br. Polym. J., December, 163-169. 

Wissbrun, K.F. (1981}. 

Jour. Rheol. , 25, 619-622. 

332 



333 33·1 

Wissbrun, K.F., and Griffin, A.C. (1982). 

J. Polym. Sci. , Poly. Phys. Ed. , 20, 1835. 

Wissbrun, K.F. (1984). 

Personal Communications. 

Wissbrun, K.F. (1985). 

J. Chern. Soc., Faraday Disc., 79, 161-173. 

Zachariades, A.E., Economy, J., and Logan, J.A. (1982). 

J. Appl. Po,.vm. Sci. , 27, 2009-2014. 

Appendix 1: 
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Appendix I 
Appendix I 

80/20 IIOA/PET 63 kG 80/20 HBA/PET 63 kG 

370'C 360'C 345' c 
36I'C 350'C 332' c Other OoLtoms 

I hr. CIF 8.bk 

I hr. CIF 4.1 21.1 15.1 (342' C) BOT41 ' 20 min. CIF Bt.bk 

20 min. CIF 25.1 2.1 18.1 DOT 2.1 

COF 

5 min. CIF 16.1 1.1 17 .I DOT 1.1 

Out & 2.b 

I min. CIF 2·1.1 3.1 19.1 DOT3.1 l 
I 

Quench 

10 out B5.bk 4.b 

COF 20 in 15 out DIJ.bk 

I out 5.1 20.1 BOT 5.1 20 out 7.B, 
I in 5 out 6.1 BOT 6.1 12.b 

20 out 7.1 BOT 7.1 

I out 8.1 
Sin 5 Clll t 9.1 22.1 

20 out 10.1 BOT 10.1 Out & B3.bk 
Quench 

I out 11.1 BOT 14.1 20 in, DOT 11.1 
20 in 5 out 12.1 1 hr. out DOT 12.1 I hr. in. 25 out B6.bk 

20 out 13.1 23.1 
10 out bl4.bk 

Sheared, lout 9.b 
CIF 

1 in 5 out IO.b 
20 min. ls.l 15 out Bll.bk 

5 min. 2s.l --------
----
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Appendix I Appendix I 

80/20 IH1A/Pc'T 20 kG 80/20 IH1A/PET 15 kG 

360' c 351' c 334' c Other 
354° c 343' c 327° c 

I hr. CIF 1.3b 2.3b 1.3(345'C) 
2.3 (327) 

I hr. CIF 2.4 1.4 
20 min. CIF 4.3b 3.3b 3.3 (345 ) 

4.3 (354) 
I 

i 

4.3a (3277) 20 min. CIF 44 3.4 
18 3 (339) 3.4a 

5 min. CIF 7.3b 5.3b 5.3 (343) 
6.3 (354) 5 min. CIF 6A 5.4 
19.3 (339) 5.4a 

1 min. CIF 8.3b 6.3b 7.3 (343) 
8.3 (354) 1 min. CIF 8.3b 7.4, 

7.4a 

COF I 
1 out 9.3 

1 in 5 out 10.3 

l 
Sheared, I 

20 out 11.3 CIF 

1 out 12.3 20 min. 1.45 
5 in 5 out 13 3 

20 out 14.3 5 min. 2.45 

1 out 15.3 
20 in 5 out 16.3 

20 out 17.3 

Sheared, 
CIF 

20 min. 1.35 

5 min. 2.35 

.. 
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Appendix I Appendix I 

80/20 HBA/PET 10 kG 80/20 HBA/PET 5 kG 

349. c 339•C 322•C 
349. c 339. c 322. c 

! 

1 hr. CIF 2.5 1.5 

20 min. CJ.F 4.5 3.5, 1 hr. CIF 2.6 1.6 

3.5a 
i 

5 min. CIF 6.5, 5.5, 20 min. CIF 4.6 3.6 

6.5a 5.5a 

1 min. CIF 8.5 7.5 5 min. CIF 6.6 5.6 

I 

I 

COF 
I min. CIF 7.6 8.6 

I 

1 out 9.5 
1 in 5 out 10.5 

20 out 11.5 
Sheared, 

1 out 12.5 CIF 

5 in 5 out 13.5 
20 out 14.5 20 min. 1.65 I 

1 out 15.5, 5 min. 2.65 

15.5a 
20 in 5 out 16.5 

20 out 17.5 

I 

Sheared, 
CIF 

20 min. 1s.5 

5 min. 2s.5 

-
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Appendix I 

80/20 UBA/PET 1 & 3 kG 

Appendix I 

' 
HNATII 63 kG 

I 

360'C 350' c Other 37l'C 361' c 350'C 332' c Bottoms 

1 hr. CIF 21.10 2.10 (347'C) 10.14 BOT 2.10 
1 kG 1.2 5.2 (337' C) 

I hr. CIF 
20 min. CIF 33.10 20.10 3.10 15.10 BOT 20.10 

1 kG 6.2 
20 min. CIF 5 min. CIF 32.10 19.10 1.10 16.10 BOT 1.10 

3kG 12.2 10.2 

I min. CIF 31.10 18.10 4.10 17.10 
5 min. CIF 

3 kG 9.2 
COF 

1 min. CIF I out 22.10 5.10 
3kG 11.2 8.2 ' 

I 
1 in 5 out 23.10 6.10 

20 out 24.10 7.10 BOT 7.10 

. I out 25.10 8.10 
Sin 5 out 26.10 9.10 

Sheared, 20 out 27.10 10.10 
CIF 

I out 28.10 ll.IO i 

20 min. ls.2 (352" C) 20 in 5 out 29.10 12.10 
20 out 30.10 13.10 BOT 30.10 

--

' .l 
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Appendix I I Appendix I 

IINATII 20 kG IINATII 15 kG 

348'C 3311' c Other 349' c 339' c 

1 hr. CIF 1.30 (352' C) 1 hr. CIF 2.40, 1.40, 
2.30 (360') 2.40a 1.40a 

20 min. CIF 4.30 3.30 20 min. CIF 4.40, 3.40 
4.40a 

5 min. CIF 6.30 5.30, 
18.30 5 min. CIF 6.40, 5.40 

6.40a 
I min. CIF 8.30 7.30 

1 min. CIF 8.40 7.40 

COF Sheared 
(3311' C) 

Sheared, 
1 out 9.30 CIF 

1 in 5 out 10.30 
20 out 11.30 20 min. 1s.40 

1 out 12.30 3s.30 
5 in • 5 out 13.30 4s.30 

20 out 14.30 5s.30 

5 min. 2s.40 

I 

1 out 15.30, 
15.30a 

20 in 5 out 16.30 
20 out 17.30 

Sheared, 
CIF -

20 min. 1s.30 

5 min. 2s.30, 
6s.30 
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Appendix I Appendix I 

IINATII 10 kG IINATII 5 kG 

349'C 339'C 
350'C 340' c 

1 hr. CIF 2.50, 1.50 
2.50a 

1 hr. CIF 2.60 1.60 
20 min. CIF 4.50 3.50 

5 min. CIF 6.50 5.50 20 min. CIF 4.60 3.60 

1 min. CIF 8.50 7.50 
5 min. C1F 6.60, 5.60 

COF 
I min. CIF 8.40 7.40 

1 out 9.50 
1 in 5 out 10.50 

20 out 11.50 

1 out 12.50 Sheared, 

5 in 5 out 13.50 CIF 

20 out 14.50 
20 min. 1s.60 

I out 15.50, 
15.50a 5 min. 2s.60 

20 in 5 out 16.50 
20 out 17.50 -

Sheared, 
CIF 

20 min. 1s.50 
" 

5 min. 2s.50 . 
-
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Appendix I Appendix I 

IINATH 1 & 3 kG Blanks (No H-Field) 

360'C 350' c Other 351' c Bottoms 

80/20 
1 kG 8.20 1.20 4.20 (367' C) 

1 hr. CIF I hr. B. I BOT B.1 
3kG 

20 mins. B.2 BOT B.2 

1 kG 3.20 (10 min) 2.20 5.20 (373' C) 5 mins. B.3 BOT B.3 
6.20 (368' C) 

20 min. CIF 
3kG 9.20 12.20 

0 min. l.bnk, 
7.bnk 

1 kG 7.20 
Pellet pel. SO 

5 min. CIF 
3kG 10.20 

HNATH 

1 min. CIF 
3kG 11.20 14.20 1 hr. B.4 BOT B.4 

25 mins. B.5 

Pellet Pel.hn 

Ll.O (331' C) 
1 kG, 6 hrs. -

Ml.O (332' C) 
1 kG, 12 hrs. 

PI.O (332' C) 
3 kG, 10 min. 
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Integrated Intensity Data 

Filename X Fiber <Pn> <Po> <P•> Back 

la.1 2.5 8 2377 .813 .875 125 
1b.l -5 8 2426 .782 .835 127 
lc.l -2.5 8 2412 .8 _ML 126 

.798 .857 

2a.l 5 9 7228 .705 .649 283 
2b.1 0 9 7203 .71 .628 282 
2c.1 5 9 7198 _.1.!!._ .627 282 

Appendix II: .708 .634 

3a.1 0 10 8611 .764 .773 319 
3b.1 0 10 8940 .762 .778 327 

Integrated Intensity Data 
3c.1 0 10 8555 _:1.§1_ .78 317 

.764 .776 

4a.l -5 10 7608 .829 .9 293 
4b.l -2.5 10 7395 .836 .913 287 
4c.l -5 10 7478 .841 .914 290 

.835 .909 

5a.1 0 10 7159 .371 .176 281 
5b.1 2.5 10 7514 .406 .188 291 
5c.1 5 10 7248 .375 .162 283 

.384 .175 

6a.l 7.5 10 6430 .446 .239 261 
6b.l -10 10 6322 .481 .244 258 
6c.1 -2.5 10 6554 __,lli_ _:lli_ 264 

.463 .242 

7a.l 15 H 4276 .139 .043 194 
7b.l 20 II 4429 .101 .027 200 
7c.l 22.5 II 4352 ~ .044 197 

.132 .038 
I 

8a.l 7.5 11 4600 .587 .368 205 
8b.l 0 11 4651 .624 .466 207 
8c.1 5 ll 4645 .613 .443 207 

.607 .425 

f 
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Integrated Intensity Data Integrated Intensity Data 

Filename X Fiber <P_9)> <P2> <P,> IJack Filename X Fiber <Po> <P.> <P > Back 

9a.l 0 11 3406 .129 .047 16·1 16al.l 2 15 5981 .777 .806 248 
9b.l -15 11 3562 .141 .054 170 16bl.l 0 15 6341 .753 .739 258 
9c.l -7.5 11 3683 .....:.!:!L .056 174 16cl.l 0 15 6538 .77 _]]__ 264 

.139 .052 .766 .771 

10a.l -30 II 5660 .099 -.008 238 16a2.1 5 14 2607 .779 .768 134 
lOb. I 0 11 6511 .171 .038 26-t 16b2.1 7.5 14 2635 .795 .753 135 
10c.l -20 11 5881 __lll_ ..J!ll_ 245 16c2.1 5 14 2527 .789 .732 131 

.134 .02 .787 .751 

lla..l -10 11 11910 .592 .443 394 l7a..l 4 15 2991 .444 .367 149 
11b.l -7.5 11 11710 .611 .474 390 17b.l 4 15 2991 .444 .367 149 
11c.l -15 11 11455 .606 ....:.!1.!_ 385 17c.1 -10 15 2662 .403 .321 136 

.603 .455 .43 .351 

12a.l -22.5 11 1633 .14 .082 92 18a.1 2 15 4371 .568 .503 198 
12b.l -10 11 1658 .151 .054 94 18b.1 -8 15 4498 .603 .61 202 
12c.l -25 11 1577 ~ .013 90 18c.l -8 15 4376 .569 .551 198 

.126 .049 .58 .554 

13a.l 5 12 4009 .499 .269 185 19a.1 0 13 2935 -.347 .382 147 
13b.1 -20 12 3581 .506 .281 170 19b.1 0 13 8711 -.027 .021 321 
13c.l -10 12 3784 .528 .309 178 -.125 .134 

.511 .286 
20a.l -25 16 4885 .156 .044 214 

2a.1a 10 12 2434 .752 .692 127 20b.1 -75 16 3219 .274 .042 157 
2b.1a 2.5 12 2417 .71 .523 126 20c.1 -50 16 3750 .218 .086 176 
2c.la 7.5 12 2402 .733 ~ 126 .216 .057 

.731 .63 
21a:.1 2.5 13 3019 .708 .683 150 

15al.l 2.5 13 6722 .803 .829 269 21b.l 0 13 2904 .716 .67 145 
15bl.l 2.5 13 6747 .816 .865 270 21c.1 0 13 2855 .706 .663 I 144 
15cl.l 2.5 13 5530 .795 .844 234 .71 .672 

.804 .8·16 
22a.1 -30 16 8992 .083 .018 328 

15a2.l 3 15 6·198 .78 .798 263 22b.l -85 16 5739 .353 .086 241 
15b2.1 2 15 5864 .786 .827 244 22c.l -90 16 4908 ..:ill_ ~ 215 I 

15c2.1 5 15 6008 .766 .785 249 
.777 .803 

.287 .095 

I 
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Integrated Intensity Data Integrated Intensity Data 

Filename X Fiber <Po> <P2> <P > llack Filename y Fiber <Po> <P2> <P > Back 

23a.1 -10 17 8137 .152 .129 307 bot7a.l 60 11 6536 .134 .053 264 
23b.1 -35 17 8328 .146 .058 312 bot7b.l -60 11 7047 .047 .038 278 
23c.1 -60 17 9769 _ill_ __j!!!_ 347 bot7c.1 60 11 7021 .103 .04 277 

.151 .076 .094 .043 

24a.1 7.5 17 5479 .694 .717 233 bot7d.l 75 11 6210 .224 .091 255 
24b.1 12 17 5521 .711 .739 234 bot10a.1 -75 ,11 5338 .101 .008 229 
24c.l 12 17 5169 ~ ~ 223 bot10b.1 -60 11 5934 ....J.QL ...Jhl.L 246 

.699 .714 .143 .044 

25a.1 0 18 6447 .149 .698 261 bot11a.l -20 11 9034 .608 .413 329 
25b.1 2 18 6817 .759 .715 272 bot11b.l 15 11 9925 .59 .352 350 
25c.l 3 18 7054 ....12.L .712 278 boU lc.l -7.5 11 9890 ___&Q__ .483 349 

.755 .708 .613 .416 

lsa.l -10 18 6622 .729 .755 266 botl2a.l -7.5 11 3959 .095 .031 184 
lsb.l 10 18 6481 .705 .714 262 bot12b.l -75 11 2478 .319 .156 129 
lsc.l 3 18 6628 .702 .7 266 bot12c.l -60 11 2892 .22 .05 145 

.712 .723 .211 ·.079 

2sa.1 5 18 4992 .704 .762 218 botl4a.l 90 13 1834 .051 .081 101 
2sb.1 0 18 5077 .691 .769 220 botl4b.l 90 13 1998 .068 -.001 109 
2sc.1 5 18 5118 .706 .77 222 bot14c.l 90 13 1896 .07 .004 104 

.7 .767 .063 .028 

1a.2 60 13 7566 .04 .018 292 
1b.2 60 13 1484 .021 .007 290 

bot1a.l -2.5 13 3290 .742 .786 160 
botl b.! -2.5 13 3394 .704 .731 164 

.02 .008 botlc.l -5 13 3580 ....1.1!_ ....1.1§.__ 170 

bot2.1 -~ 10 5916 .827 .855 246 
.729 .754 

.275 .285 bot3a.l -2.5 12 4292 .803 .777 195 
bot3b.1 0 12 4315 .782 .771 196 

bot6a.1 15 11 6592 .4 .19 265 bot3c.l -2.5 12 4214 .779 .765 192 
bot6b.l -5 11 1451 .331 .082 289 .788 .771 
bot6c.1 10 11 6514 .373 .172 265 

.368 .H8 bot4a.l 7.5 12 1552 .783 .796 89 
bot4b.l 0 12 1540 .824 .841 88 
bot4c.l 7.5 12 1543 .787 ...2L 88 

.798 .805 

' 



:!.~5 356 

Integrated Intensity Data Integrated lt1tensity Data 

Filename X Fiber <Po> <Po> <P,> Back Filename X Fiber <Po> <Po> <P > Back 

bot5a.1 5 13 3521 .5-16 .25 168 9a.2 -90 66 13871 .08 .018 434 
bot5b.1 -15 "13 3587 .566 .261 171 9b.2 -90 66 9433 .241 .082 339 
bot5c.1 -10 13 3765 .615 ___1§]_ 177 9c.2 -90 66 10528 .236 .115 364 

.575 .297 .185 .071 

prof2aa.1 5 13 3377 .757 .765 163 10a.2 12 31 4866 .189 .01 214 
prof2ab.1 0 13 3328 .767 .767 161 10b.2 -52 31 4753 .237 .086 210 
prof2ac.l "}) 13 3367 ~ 2L 163 10c.2 -25 31 5198 .254 .083 224 

.764 .764 .226 .059 

prof2ba.1 5 13 3309 .821 .809 161 lla.2 7.5 32 8409 .059 .01 314 
prof2bb.l 2.5 13 3300 .81 .791 160 llb.2 75 32 6082 .173 .065 251 
prof2bc.1 5 13 3347 _M_ _,._8 _ 162 llc.2 90 32 5649 .27 .077 238 

.813 .8 .167 .05 

prof2ca.1 -5 13 3421 .839 .844 165 12a.2 -7.5 32 9676 .031 .015 344 
prof2cb.l 2.5 13 3463 .811 .739 166 12b.2 -90 32 6738 .285 .102 269 
prof2cc.l -2.5 13 3479 .829 .807 167 12c.2 -90 32 5645 .407 .264 238 

.826 .796 .241 .126 

prof2da.l 2.5 13 2877 .817 .771 144 lsa.2 -80 31 2016 .394 .194 109 
prof2db.1 -2.5 13 2917 .811 .749 146 Isb.2 -60 31 3168 .075 .02 155 
prof2dc.l 2.5 13 2933 .797 __111._ 147 1sc.2 -80 31 2227 .317 .08 ll8 

.808 .751 .262 .098 

5a2 0 31 6041 .I .037 250 1a.3 -15 38 12125 .719 .655 399 
5b.2 70 31 4454 .326 .131 200 1b.3 0 38 12139 .687 .563 399 
5c.2 60 31 4561 _.1.L. .-:!!!L 204 lc.3 -10 38 12103 .7 ~ 398 

.218 .07 .702 .605 

6a.2 15 66 4979 .074 .05 217 2a.3 -12 38 9898 .29 .155 350 
6b.2 -75 66 4993 .171 .03 218 2b.3 -35 38 7210 .238 .059 282 
6c.2 -90 66 4658 .062 _mL_ 207 2c.3 -35 38 7660 .234 ~ 294 

.102 .039 .253 .092 

8a.2 -90 66 67-18 .263 .115 270 3a.3 10 38 5046 .701 .62 219 
8b.2 -90 66 2102 .029 .161 113 3b.3 -8 38 4878 .691 .596 214 
8c.2 -90 66 2612 .223 __1iL 134 3c.3 2 38 5058 ~ .597 220 

.171 .173 .693 .604 



357 358 

Integrated Intensity Data Integrated Intensity Data 

Filename X Fiber <Pn> <P,> <P4> Back Filename X Fiber <Po> <P'l> <P > Back 

4a.3 -7.5 38 11286 .645 .507 381 
4b.3 -3 38 11124 .585 .434 377 

11a.3 0 29 3298 .044 .04 160 
11b.3 -40 29 4023 .091 .013 186 

4c.3 -10 38 11721 ___&ll_ .483 390 11c.3 -20 29 3763 ~ .022 177 
.62 .474 .062 .025 

5a.3 5 39 3260 .674 .55 159 
5b.3 -7.5 39 3035 .274 .507 150 

12a.3 0 31 2447 .003 -.015 127 
l2b.3 -35 31 2673 .139 .072 136 

5c.3 -3 39 3273 __!!L .485 159 12c.3 -3 31 2669 ~ --..:!!!!. 136 
.528 .514 .068 .023 

6a.3 -7.5 39 2513 .564 .391 130 13a.3 60 31 4593 .074 .037 205 
6b.3 7.5 39 2546 .542 .361 131 13b.3 75 31 4141 .11 0 190 
6c.3 -2 39 2480 _Mi_ __dL 129 13c.3 75 31 3986 ....1M_ .053 185 

.55 .38 .ll2 .03 

7a.3 10 39 5033 .62 .515 219 llJa.3 0 31 966 .Oll -.008 60 
7b.3 0 39 5080 .565 .407 221 14b.3 60 31 1050 .149 .047 64 
7c.3 4 39 5200 ~ .47 224 14c.3 60 31 1017 .158 .073 63 -

.594 .464 .106 .037 

8a.3 -2 40 4815 .639 .542 212 
8b.3 -2 40 4278 .611 .531 195 

15a.3 15 64 1807 .46 .254 100 
15b.3 7.5 64 1836 .444 .262 102 

8c.3 0 40 4633 _ML ~ 206 15c.3 0 64 2028 .399 .206 110 
.62 .51 .434 .24 

4a.3a -2 38 5366 .652 .599 229 16a.3 -90 64 5218 .019 .007 225 
4b.3a 2 38 5102 .615 .546 221 16b.3 7.5 64 6292 .055 .038 257 
4c.3a 0 38 5237 ~ .579 225 16c.3 -90 64 5791 ...J!1L __,Q1_ 242 

.634 .574 .04 .028 

9a.3 10 29 2956 .323 .159 147 17a.3 -45 64 4795 .189 .021 212 
9b.3 -10 29 ·2914 .235 .069 146 17b.3 -30 64 5025 .074 .036 219 
9c.3 -3 29 2953 _1H_ __j_!§_ 147 17c.3 7.5 64 5561 ....l!L _mQ_ 235 

.274 .ll5 .126 .027 

10a.3 7.5 29 3053 .07 .012 151 
10b.3 0 29 2484 -.047 .03 129 

1a.3b 7.5 27 7835 .6 .373 299 
lb.3b 0 27 7909 .638 .446 301 

10c.3 20 29 2799 ~ .052 141 lc.3b -7.5 27 7897 ~ ~ 301 
.022 .031 .631 .439 



359 360 

Integrated Intensity Data Integrated i11tensity Data 

Filename X Fiber <Pn> <Po> <P,> Back Filename X Fiber <Po> <P2> <P.> Back 

2a.3b 0 28 1710 .329 .201 96 2a.4 -60 40 2792 .401 .189 141 
2b.3b 7.5 28 3513 .479 .368 168 2b.4 -45 40 3439 .128 .031 165 
2c.3b 0 28 3592 ....:llL .401 171 2c.4 -60 40 2742 -..l§L -=.!M_ 139 

.442 .323 .293 .124 

3a.3b -5 28 7881 .444 .308 300 3a.4 30 40 4356 .456 .277 197 
3b.3b 0 28 7783 .416 .251 298 3b.4 -15 40 5206 .391 .205 224 
3c.3b -7.5 28 7895 -:.1!L _1L 301 3c.4 30 40 5369 ~ ___1lliL 229 

.435 .296 .404 .227 

4a.3b -15 28 6815 .537 .388 272 4a.4 5 40 5396 .641 .511 230 
4b.3b -15 28 7350 .53 .369 286 4b.4 5 40 5394 .616 .486 230 
4c.3b -15 28 6908 ~ ~ 274 4c.4 7.5 40 5462 ~ .515 232 

.532 .373 .628 .504 

5a.3b 2 28 3841 .581 .473 180 5a.4 -15 40 9055 .557 .434 330 
5b.3b 0 28 3673 .549 .394 174 5b.4 -7.5 40 8785 .47 .282 323 
5c.3b -5 28 3822 .568 --.:11!_ 179 5c.4 -20 40 8757 .513 .348 322 

.566 .436 .513 .354 

6a.Jb -5 28 5420 .561 .404 231 6a.4 -9 40 5436 .579 .439 232 
6b.3b 15 28 5344 .544 .409 229 6b.4 7.5 40 5533 .554 .428 234 
6c.3b 7.5 28 5349 .532 ~ 229 6c.4 0 40 5417 .572 .44 231 

.545 .379 .568 .435 

7a.3b 7.5 29 2637 .519 .291 135 7a.4 -5 41 5784 .399 .227 242 
7b.3b 7.5 29 2801 .513 .327 141 7b.4 0 41 5031 .297 .093 219 
7c.3b 15 29 2644 ~ .314 135 7c.4 0 41 5019 .285 ~ 219 

.518 .31 .326 .147 

8a.3b 0 29 4050 .537 .356 187 8a.4 7.5 42 4283 .444 .3 195 
8b.3b -12 29 3879 .52 .327 181 8b.4 5 42 4250 .421 .272 194 
8c.3b -15 29 3844 ~ ~ 180 8c.4 0 42 4261 .392 ~ 194 

.53 .347 .419 .272 

la.4 II 40 5300 .375 .151 227 1a.5 0 42 5495 .275 .092 233 
lb.4 -20 40 5106 .338 .115 221 1b.5 15 42 5324 .165 -.043 228 
1c.4 -5 40 5296 ...2!1_ ~ 227 lc.5 7.5 42 5480 _:ill_ .092 233 

.343 .126 .233 .047 



361 362 

Integrated Intensity Data Integrated Intensity Data 

Filename X Fiber <Pn> <Po> <Pt> Back Filename X Fiber <Pn"> <P2> <P > Back 

2a.5 15 42 4455 .416 .177 200 10a.5 -60 44 10213 .Ill .054 357 
2b.5 35 42 3979 .465 .2·18 184 10b.5 -15 44 11908 .107 .058 394 
2c.5 30 42 4232 ~ --=.!.!L 193 10c.5 -30 44 10963 ..J!L -.002 374 

.426 .19 .096 .036 

3a.5 15 42 4676 .121 .022 208 lla.5 -90 44 2955 .135 .002 147 
3b.5 30 42 3508 .065 .087 168 11b.5 -60 44 3202 .151 .077 157 
3c.5 -60 42 3353 ....:ill!_ ...J!l!L 162 llc.5 -75 44 3193 ....1!1.... .054 156 . 

.081 .067 .136 .044 

4a.5 -7.5 42 4905 .3ll .14 215 12a.5 0 44 3551 .292 .131 169 
4b.5 -7.5 42 4810 .322 .166 212 12b.5 7.5 44 3700 .269 .117 175 
4c.5 -7.5 42 5126 _lR_ _J1._ 222 12c.5 7.5 44 3677 __.:ill_ ~ 174 

.323 .158 .295 .139 

5a.5 -45 43 4787 .317 .014 2ll 13a.5 30 45 5670 .025 .Oil 239 
5b.5 0 43 6351 .439 .279 259 13b.5 -90 45 5378 .097 .035 230 
5c.5 -15 43 5205 ~ ~ 224 13c.5 -90 45 5175 .089 .056 223 

.408 .193 .07 .034 

6a.5 -75 43 10962 .451 .209 374 14a.5 -30 45 6808 .114 -.007 271 
6b.5 -15 43 17376 .018 .033 498 14b.5 -75 45 5256 .186 .071 226 
6c.5 -75 43 13533 .338 .091 427 14c.5 -75 45 5510 .123 .064 234 

.269 .Ill .141 .042 

7a.5 0 43 5243 .376 .278 226 15a.5 -75 45 '12171 .064 .005 400 
7b.5 5 43 4768 .294 .164 211 15b.5 -90 45 8ll6 .44 .228 306 
7c.5 0 43 6501 ~ _BL 263 15c.5 -90 45 9741 ~ .086 346 

.307 .204 .256 .106 

8a.5 -7.5 43 10223 .24 .105 357 16a.5 15 45 7702 .338 .149 295 
8b.5 7.5 43 10336 .227 .12 360 16b.5 15 45 6523 .199. .063 263 
8c.5 15 43 10380 ~ ~ 361 16c.5 15 45 7117 .307 .131 280 

.227 .097 .281 .ll4 

9a.5 -90 44 5473 .0·19 -.001 233 17a.5 -90 46 11906 .201 .04 394 
9b.5 -90 44 5553 .056 -.024 235 17b.5 -75 46 13585 .206 .063 428 
9c.5 -90 44 5102 --..:ill_ __,QR_ 221 17c.5 -90 46 13131 .077 -.001 J 419 

.076 -.001 .161 .034 



363 36-1 

Integrated Intensity Data Integrated Intensity Data 

Filename X Fiber <Po> <P,> <P > Back Filename X Fiber <Po> <P,> <P•> Back 

1sa.5 0 46 5470 .343 .169 233 7a.6 15 47 2299 .239 .131 121 
1sb.5 15 46 6574 .329 .158 265 7b.6 7.5 47 2399 .25 .143 125 
1sc.5 7.5 46 6326 .364 .194 258 7c.6 -7.5 47 2337 --=.ill_ --...:.ill_ 123 

.345 .173 .235 .135 

2sa.5 -15 46 8311 .261 .085 311 8a.6 -30 47 4470 .198 .056 201 
2sb.5 -15 46 8889 .28 .135 326 8b.6 -45 47 4202 .081 .043 192 
2sc.5 -30 46 9063 .301 __:.!.!_L 330 8c.6 60 47 3460 ~ ~ 166 

.28 .111 .125 .044 

1a.6 -75 46 5471 .036 .04 233 1a.IO 3 18 15848 .754 .927 471 
1b.6 -90 46 5662 .039 .042 238 1b.10 -3 18 16333 .737 .88 480 
1c.6 -90 46 5240 .075 .059 226 1c.IO -10 18 15587 _1L .97 466 

.05 .047 .75 .925 

2a.6 7.5 46 17725 .36 .181 504 2a.IO -7.5 19 5809 .8 .914 243 
2b.6 -7.5 46 19748 .377 .16 536 2b.IO 2 19 6227 .834 1.052 255 
2c.6 0 46 18737 ~ .186 520 2c.l0 -2 19 5915 .833 1.043 246 

.374 .175 .822 1.003 

3a.6 0 47 11577 .107 .039 387 3a.IO -8 20 6406 .782 .996 260 
3b.6 7.5 47 11016 .075 .005 375 3b.IO 1 20 6598 .764 .959 266 
3c.6 15 47 11943 .083 .027 395 3c.JO -4 20 6673 .764 .959 268 

.088 .023 .77 .971 

4a.6 -90 47 17947 .349 .108 507 4a.IO 2 20 6526 .695 .76 263 
4b.6 -90 47 26074 .136 .003 627 4b.IO -2 20 6509 .667 .756 263 
4c.6 -90 47 18773 __d1lL ~ 521 4c.l0 2 20 6683 __1!1._ .824 268 

.278 .082 .692 .78 

5a.6 -90 47 4572 .0 -.03 204 5a.IO 7.5 20 10152 .512 .171 356 
5b.6 -75 47 4934 .088 .055 216 5b.10 -2 20 10499 .629 .561 363 
5c.6 -75 47 4740 ~ .092 210 5c.10 -6 20 10567 ~ .596 365 

.039 .039 .597 .442 

6a.6 -60 47 3347 .151 .07 162 6a.10 -7.5 21 7950 .274 .I 302 
6b.6 -60 47 3404 .106 .045 164 6b.10 15 21 8273 .215 .042 310 
6c.6 -30 47 3161 ~ -.016 155 6c.l0 5 21 7704 ~ .083 296 

.104 .033 .238 .075 



365 366 

Integrated Intensity Data Integrated Intensity Data 

Filename X Fiber <P-'1> <P2> <Pf> flack Filename ll' Fiber <Po> <P2> <P.> Back 

7a.l0 5 21 9057 .117 .01 330 15a.l0 65 23 5940 .618 .582 247 
7b.10 -2 21 13296 .301 .183 423 15b.10 65 23 6762 .618 .544 270 
7c.l0 0 21 10362 --.l.!!.L .039 360 15c.10 45 23 10771 -..:..lli_ .194 370 

.202 .077 .535 .44 

8a.10 5 22 5680 .566 .517 239 16a.10 10 24 6471 .141 .057 262 
8b.10 4 22 5585 .566 .55 236 16b.10 -70 24 4037 .513 .302 186 
8c.10 0 22 5359 _M.!_ --.:.1!.!._ 229 16c.10 -75 24 3308 .607 ~ 161 

.558 .515 .42 .276 

9a.IO 20 22 4235 .49 .381 193 17a.IO 4 24 11004 .31 .137 375 
9b.10 11 22 4369 .497 .363 198 17b.l0 65 24 6689 .532 .374 268 
9c.IO -4 22 4371 ~ ~ 198 17c.l0 70 24 5555 __,lli_ .516 235 

.482 .359 .489 .342 

10a.10 12 22 5994 .525 .425 248 18a.10 -4 24 2188 .694 .806 117 
10b.10 11 22 7042 .517 .457 278 18b.10 2 24 2277 .662 .72 120 
10c.10 5 22 6690 .479 .334 268 18c.10 8 24 2198 .6 .519 117 

.507 .405 .652 .681 

···. 
lla.10 0 22 9434 .544 .287 339 19a.10 -2 24 4501 .722 .89 202 
llb.10 -4 22 9174 .483 .242 333 I 19b.10 -3 24 4562 .738 .936 204 
11c.l0 3 22 9485 --.:.1!.!._ .105 340 19c.l0 -2 24 4771 .744 .93 211 

.501 .211 .734 .918 

12a.10 10 22 6752 .515 :237 270 20a.l0 -3 25 6909 .717 .803 274 
12b.10 10 22 7068 .543 .307 279 20b.IO 7 25 6813 .709 .843 272 
12c.IO 7.5 22 7096 _2L_ .385 279 20c.IO 3 25 6720 _l!L .824 269 

.542 .309 .712 .823 

13a.10 -4 23 3177 .284 .164 156 21a.10 -5 25 18679 .764 .924 519 
13b.10 -7.5 23 3593 .335 .226 171 21b.10 -6 25 16945 .749 .851 4110 
13c.10 -7.5 23 4671 .486 .353 208 21c.10 -3 25 11237 .642 .737 380 

.368 .247 .718 .837 

l4a.10 -3 23 2919 .311 .209 146 22a.10 4 25 8478 .433 .343 315 
14b.10 -10 23 2886 .239 .098 145 22b.JO -23 25 7702 .388 .288 295 
14c.10 -7.5 23 3410 .318 .119 164 22c.10 -16 25 8516 .385 .287 316 

.289 .142 .402 .306 



., 

367 368 

Integrated Intensity Data Integrated Intensity Data 

Filename X Fiber <Pn> <P•> <P.> Back Filename X Fiber <Po> <P•> <P > Back 

23a.10 -3 25 8720 .387 .246 321 31a.10 -7.5 27 5005 .594 .576 218 
23b.10 -3 25 7747 .271 .08 297 31b.10 -5 27 6170 .675 .728 253 
23c.10 -10 25 8177 _d1L ~ 308 31c.10 -6 27 6280 .689 ~ 256 

.328 .158 .652 .697 

24a.l0 3 25 6516 .224 .096 263 32a.10 -2 27 4169 .777 .972 191 
24b.10 3 25 7086 .244 .144 279 32b.10 2 27 4323 .728 .885 196 
24c.10 3 25 6851 -.:.lli_ _j_1J!_ 273 32c.10 5 27 4172 .723 ~ 191 

.24 .129 .742 .907 

25a.10 0 26 12483 .733 .704 406 33a.10 2 27 4534 .811 .983 203 
25b.10 -6 26 12637 .717 .669 409 33b.10 2 27 4587 .811 .945 205 
25c.10 -3 26 12639 _1!L ~ 409 33c.l0 -1 27 4755 .794 .895 210 

.72 .67 ' .805 .941 

26a.IO -12 26 7959 .506 .317 302 bot7a.10 25 21 15216 .218 .116 459 
26b.10 0 26 8569 .502 .378 318 bot7b.l0 -15 21 19609 .22 -.066 534 
26c.10 -12 26 8507 .479 _11!.._ 316 bot7c.10 12 21 16014 ~ .066 474 

.495 .313 .217 .038 

27a.10 -12 26 3434 .371 .265 165 1a.20 -3 32 3092 .348 .22 153 
27b.IO 12 26 3824 .258 .I 179 1b.20 20 32 2732 .405 .262 139 
27c.IO -6 26 3817 .366 __1IL 179 1c.20 30 32 2586 .381 .284 133 

.331 .212 .378 .255 

28a.IO -6 26 3656 .371 .093 173 2a.20 75 67 3751 .087 .104 177 
28b.10 0 26 3664 .327 .162 173 2b.20 90 67 3372 .389 .094 163 
28c.10 -3 26 3634 _AQL _:lli.._ 172 2c.20 45 67 4457 __l.!L ~ 201 

.368 .168 .196 .081 

29a.10 -8 66 5169 -.466 .199 223 3a.20 -7.5 67 4513 .43 .26 202 
29b.1o 15 66 20462 .178 .082 548 3b.20 30 67 4185 .463 .221 191 
29c.10 75 66 10327 ~ ~ 360 3c.20 15 67 4224 _1!1L ~ 193 

.042 .178 .428 .209 

30a~10 -11 26 4305 .364 .143 195 4a.20 -80 32 3113 .358 .098 153 
30b.10 7.5 26 4243 .255 -.001 193 4b.20 -75 32 3964 .08 -.029 184 
30c.10 10 26 4021 .236 -.018 186 4c.20 80 32 2858 -.:.ill._ _liiL 144 

.284 .041 .287 .086 



369 370 

Integrated intensity Data Integrated lnlensily Data 

Filename X Fiber <Po> <P2> <Pc> Dack Filename X Fiber <Po> <Po> <P.> Back 

6a20 15 67 4961 .143 .051 217 la.30 -20 30 2654 .513 .457 136 
6b.20 75 67 3917 .355 .117 182 lb.30 7.5 30 2957 .558 .472 147 
6c.20 75 67 3745 .336 .131 176 lc.30 -5 30 2471 _B!_ .556 128 

.278 .099 .535 .495 

7a.20 75 67 3086 .179 .109 152 2a.30 0 37 5494 .446 .276 233 
7b.20 60 67 3127 .209 .099 154 2b.30 10 37 5532 .436 .298 234 
7c.20 75 67 2725 ~ ~ 139 2c.30 7.5 37 5543 ....:1.1.L __d!L 235 

.236 .125 .441 .296 

8a.20 0 32 8510 .061 .027 316 3a.30 -12 51 6828 .618 . .648 272 
8b.20 -85 32 6101 .242 .031 251 3b.30 -12 51 7030 .616 .604 277 
8c.20 -85 32 5510 ...d1L .094 234 3c.30 -15 51 6716 .622 ....:lli__ 270 

.216 .05 .618 .624 

9a.20 50 32 4851 .155 .086 213 4a.30 15 51 8388 .687 .779 313 
9b.20 7.5 32 4485 .036 .Oll 201 4b.30 -7.5 51 8563 .623 .62 318 

· 9c.20 -60 32 3564 .211 -.021 170 4c.30 12 51 8800 .689 .739 323 
.134 .025 .666 .712 

10a.20 -45 67 3568 .237 .051 170 5a.30 10 51 7091 .623 .663 279 
10b.20 -30 67 3025 .23 .133 150 5b.30 -7.5 51 7061 .559 .522 278 
10c.20 -60 67 2821 .249 .08 142 5c.30 0 51 6929 .571 .494 275 

.238 .088 .584 .559 

lla.20 -15 68 17859 .5 .364 506 6a.30 -30 51 6276 .61 .6 256 
llb.20 -15 68 20444 .536 .428 547 6b.30 0 51 6321 .511 .356 258 
llc.20 -25 68 17246 -:ill_ __,ill_ 495 6c.30 0 51 724 ___di.L ~ 47 

.52 .403 .498 .368 

12a.20 10 34 7596 .216 .114 293 7a.30 -15 51 5814 .563 .505 243 
l2b.20 50 34 4792 .168 .17 211 7b.30 -15 51 4788 .472 .357 211 
12c.20 35 34 'l620 _,ill_ ..2.!L 266 7c.30 -7.5 51 4240 .409 .34 193 

.191 .141 .481 .4 

14a.20 -70 36 2506 .732 .723 130 8a.30 -7.5 51 3015 .536 .497 150 
14b.20 -55 36 1940 -.624 .218 106 8b.30 7.5 51 2600 .3 .108 134 
14c.20 34 36 4481 .484 _ML 201 8c.30 7.5 51 2529 .26 .028 131 

.197 .43 .365 .211 

tr .. 



., 

371 372 

. 

Integrated Intensity Data Integrated Intensity Data 

Filename X Fiber <Po> <P2> <Pt> Back Filename X Fiber <Po> <P•> <P > Back 

9a.30 -7.5 59 13021 .296 .185 417 17a.30 -30 61 2738 .193 .018 139 
9b.30 15 59 9150 .05 .115 332 17b.30 -15 61 2662 .152 .011 136 
9c.30 0 59 11687 .208 ~ 390 17c.30 -22.5 61 223S ~ _:QL 119 

.184 .132 .135 .036 

10a.30 15 59 10431 .157 .099 362 18a.30 -7.5 61 6793 .579 .668 271 
10b.30 -90 59 7648 .228 -.018 294 18b.30 15 61 7048 .403 .445 278 
10c.30 60 59 7803 __:1_:!L _mL 298 18c.30 15 61 6134 _AR_ --=.ill_ 252 

.211 .051 .473 .479 

lla.30 45 59 9723 .225 .133 346 la.40 0 52 2953 .478 .491 147 
llb.30 -7.5 59 11495 .14 .065 385 lb.40 0 52 2702 .475 .476 138 
llc.30 15 59 12438 __1.ll_ .096 405 lc.40 0 52 2701 .499 ~ 138 

.195 .098 .483 .497 

12a.30 7.5 60 4287 .441 .4 195 2a.40 0 52 3383 .279 .291 163 
12b.30 -7.5 60 3765 .324 .17 177 2b.40 7.5 52 3444 .335 .362 166 
12c.30 -30 60 3622 ~ __lQ!_ 172 2c.40 7.5 52 3530 .375 .387 169 

.347 .224 .329 .346 

13a.30 -30 60 2005 .245 .127 109 3a.40 -7.5 52 8197 .589 .583 308 
13b.30 -4S 60 196S .234 .105 ·107 3b.40 -7.5 52 8122 .612 .613 306 
13c.30 -30 60 2052 ~ __lQ!_ Ill 3c.40 0 52 7666 .594 .53 295 

.228 .112 .598 .575 

14a.30 -15 60 3455 .275 .171 166 4a.40 7.5 52 4738 .525 .495 210 
14b.30 -30 60 3184 .221 .099 156 4b.40 0 52 4830 .486 .413 213 
14c.30 -30 60 2837 ....:.m_ .005 143 4c.40 -7.5 52 4789 .479 .352 211 

.196 .091 .496 .42 

15a.30 -IS 60 4329 .375 .216 196 5a.40 0 53 27764 .599 .. 697 648 
15b.30 -7.5 60 5039 .464 .392 219 5b.40 15 53 22849 .415 .164 583 
15c.30 7.5 60 4080 ...:!L. -.036 188 5c.40 -7.5 53 25509 .536 .457 619 

.339 .19 .516 .439 

16a.30 -7.S 61 8038 .442 .227 30·1 6a.40 -15 53 10448 .614 .597 362 
16b.30 15 61 7647 .409 .231 294 6b.'IO -15 53 11068 .53 .408 376 
16c.30 7.S 61 7877 ~ ___d!L 300 6c.40 -30 53 10719 .58 .484 368 

.429 .256 .574 .496 



373 374 

Integrated lntensil!l Data Integrated lntensil!l Data 

Filename X Fiber <Pn> <P2> <P4> Back Filename X Fiber <Po> <P2> <P4> Back 

7a.40 -30 53 6767 .372 .208 270 7a.50 -30 56 7383 .431 .365 287 
7b.40 -30 53 5814 .275 .184 244 7b.50 -7.5 56 6098 .373 .333 251 
7c.40 -30 53 5201 ~ .145 224 7c.50 15 56 5593 ~ ~ 236 

.289 .179 .381 .319 

8a.40 0 53 16304 .341 .256 479 8a.50 10 56 4093 .32 .129 188 
8b.40 90 53 8084 .096 -.054 305 8b.50 -30 56 3677 .26 .106 174 
8c.40 -60 53 8496 -.076 _-._1_ 316 8c.50 -60 56 2956 .409 ....1I.L 147 

.12 .034 .329 .171 

1a.50 0 54 7635 .606 .57 294 9a.50 -15 61 D424 .25D .099 339 
1b.50 0 54 7367 .597 .642 287 Db.50 60 61 4773 .529 .263 211 
lc.SO 0 54 8041 ~ ....:ML 304 Dc.50 45 61 5527 .353 ....1.L 234 

.6 .585 .38 .167 

2a.50 15 54 7286 .329 .199 284 10a.50 45 61 2744 -.021 .028 139 
2b.50 -15 54 7886 .291 .204 300 10b.50 -75 61 2340 .189 .077 123 
2c.50 10 54 7458 _jl!_ ....:.!Q__ 289 10c.50 DO 61 2210 .169 -.008 118 

.297 .182 .112 .032 

3a.50 7.5 54 8172 .364 .233 308 I lla.50 7.5 62 6230 .11 .048 255 
3b.50 30 54 4200 .322 .414 192 llb.50 DO 62 4088 .29 .147 188 
3c.50 30 54 4411 ~ .237 199 11c.50 -DO 62 4288 .218 .065 195 

.315 .294 .206 .086 

4a.50 0 54 9836 .489 .41 348 12a.50 12 62 5817 .21 .15 243 
4b.50 0 54 9073 .421 .231 330 12b.50 30 62 5151 .147 .195 223 
4c.50 15 54 9221 __,lli_ --:ill_ 334 • 12c.50 -90 62 4525 -.015 -.006 203 

. .453 .3ll .114 .113 

5a.50 0 55 5843 .276 .223 244 l3a.50 -45 62 3981 .214 .129 184 
5b.50 30 55 5409 .195 .13 231 13b.50 -7.5 62 3983 .124 .01 185 
5c.50 30 55 4368 --.:ill_ ~ 198 l3c.50 -30 62 4040 .228 .182 187 

.202 .173 .188 .106 

6a.50 0 55 4734 .3·1 .33 210 Ha.50 -7.5 62 13602 .267 .265 429 
6b.50 30 55 3712 213 .151 175 l4b.50 -30 62 11466 .287 .246 385 
6c.50 30 55 3198 ...:.ill__ .17 157 14c.50 -15 62 13864 .326 ~ 434 

.242 .217 .293 .256 

.. ~ 



., 
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Integrated Intensity Data Integrated Intensity Data 

Filename X Fiber <P_l!> <P-i> <P > Back Filename X Fiber <Po> <P2> <P.> Back 

15a.50 -15 62 4863 .215 .067 214 6a.60 15 57 4506 .107 -.03 202 
15b.50 -45 62 38-H .211 .062 180 6b.60 -60 57 3987 .149 .012 185 
15c.50 -60 62 4164 ....:.W!._ .07 191 6c.60 0 57 4566 .103 ~ 204 

.215 .066 .119 .014 

16a.50 11 62 12366 .4 .261 404 7a.60 -30 58 4660 .299 .115 207 
16b.50 -12 62 13030 .392 .238 417 7b.60 45 58 3017 .408 .118 150 
16c.50 5 62 13727 ~ ....:m_ 431 7c.60 60 58 3143 .532 ~ 154 

.389 .24 .413 .179 

17a.50 0 63 7774 .057 .015 297 8a.60 15 58 1880 .246 .142 104 
17b.50 -7.5 63 8099 .089 .054 306 8b.60 -30 58 1368 .201 .162 80 
17c.50 7.5 63 7710 ~ ~ 296 8c.60 -45 58 1208 .205 ~ 72 

.066 .032 .217 .14 

la.60 -60 56 3676 .208 .042 174 ba.1 -60 35 2598 .176 .024 133 
1b.60 -75 56 3809 .024 .055 179 bb.l -75 35 2569 .173 .035 132 
1c.60 -45 56 3930 ~ ~ 183 bc.1 -75 35 2772 .04 .014 140 

.154 .059 .129 .024 

. 2a.60 -90 57 3990 .055 .073 185 ba.2 -90 35 5600 -.005 -.014 237 
2b.60 -7.5 57 6488 .06 .088 262 bb.2 60 35 5167 .191 -.049 223 
2c.60 -30 57 4637 ~ .072 206 bc.2 -90 35 4750 .152 -.056 210 

.047 .077 .112 -.04 

3a.60 15 57 7384 .29 .105 287 ba.3 -90 35 4561 .029 .021 204 
3b.60 60 57 5840 .188 .152 244 bb.3 -90 35 3361 .225 .099 163 
3c.60 60 57 5484 -:ill._ ....fl.!_ 233 lic.3 -90 35 3006 .305 .....:!.1!_ 149 

.218 .13 .186 .087 

4a.60 15 57 4834 .182. .178 213 ba.4 90 72 7199 .195 0 282 
4b.60 -45 57 4889 .373 .208 215 bb.4 75 72 7761 .183 .024 297 
4c.60 -15 57 4413 ....1!.L .2 199 bc.4 55 72 8155 -.075 -.008 307 

.256 .195 .1 .005 

5a.60 0 57 6761 .358 .238 270 ba.5 30 66 6370 .219 .055 259 
5b.60 30 57 5057 .29 .271 220 bb.5 60 66 5110 .395 .288 221 
5c.60 30 57 5330 ~ .268 228 bc.5 55 66 5152 -.:iL .304 223 

.324 .259 .344 .215 



377 
378 

Integrated Intensity Data Integrated Intensity Data 

Filename X Fiber <P...Q> <P2> <P > Back Filename .. X Fiber <Po> <P•> <P > Back 
·. 

botba.1 -40 71 3545 .126 .048 169 la.7 7.5 65 8323 .016 .02 311 
botbb.1 -45 71 4060 .027 .039 187 1b.7 0 65 9743 .079 .045 346 
botbc.1 -45 71 3969 -...:m_ 0 184 1c.7 10 65 9662 .067 ___,Q11_ 344 

.081 .029 .054 .029 

botba.2 0 71 4760 .116 . .03 210 1a.70 -3 65 11419 .299 .176 384 
botbb.2 7.5 71 4749 .083 .061 210 1b.70 -25 65 11312 .255 .16 381 
botbc.2 -5 71 5008 ...:.!.!!._ -.028 218 1c.70 -15 65 11722 ~ ....:.ill_ 390 

.105 .02 .269 .167 

botba.3 -5 71 1918 .159 .006 105 pla.O 7.5 69 3862 .142 .086 180 
botb"b.3 -15 71 1781 .096 -.004 99 plb.O .60 69 2858 .26 .089 144 
botbc.3 -45 71 2650 ..:ML ~ 136 p1c.O 60 69 2952 ~ ~ 147 

.034 -.049 .21 .073 

botba.4 7.5 72 3382 .253 .109 163 o1a.O 0 69 1904 .269 .154 105 
botbb.4 0 72 2986 .157 .027 149 olb.O -45 69 1734 .245 .162 97 
botbc.4 7.5 72 2919 _ll!_ ~ 146 olc.O -45 69 2068 ....:ill_ .153 112 

.193 .068 .257 .156 

bot1a.IO 2 70 8988 .884 1.095 328 rn1a.O 75 68 11828 .198 .085 393 
botlb.lO ·-2 70 8767 .877 1.085 323 
botlc.IO -3 70 8540 .869 1.033 317 

m1b.O 90 68 12864 .129 .016 4~4 
' m1c.O 75 68 11546 .176 .064 387 

.876 1.071 .167 .055 

bot2a.10 0 70 2415 .873 1.06 126 lla.O 60 68 11417 .209 .091 384 
bot2b.10 -5 70 2583 .854 1.032 133 llb.O -60 68 14834 .09 -.009 452 
bot2c.10 -5 70 2605 _ML 1.023 134 llc.O 45 68 13517 ....1.QL .004 427 

.856 1.038 .133 .028 

bot20a.10 5 70 4679 .922 1.206 208 cia:.O -15 68 6900 .526 .411 274 
bot20b.10 0 70 4637 .919 1.17 206 clb.O 0 68 6660 .508 .408 267 
bot20c.10 0 70 4737 _J!M_ ..!JjL_ 210 clc.O -15 68 6513 .541 ..A.L 263 

.921 1.188 .525 .426 

bot30a.IO 10 70 6113 .429 .033 252 c2a.O -7.5 68 11344 .037 .094 382 
bot30b.IO -10 70 6198 .415 .162 254 c2b.O -15 68 12795 .141 .064 413 
bot30c.IO -20 70 6766 .492 _1Q1_ 270 c2c.O -75 68 11596 .103 ..J!.?.!_ 388 

.445 .166 .093 .078 
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Integrated Intensity Data Integrated Intensity Data 

Filename X Fiber <Po> <P2> <P > Dack Filename X Fiber <Po> <P2> <Pt> Back 

c7a.O -75 68 11387 .035 .0·1 383 1sa.30 30 63 3931 .326 .13 183 
c7b.O -90 68 13109 .035 .033 419 lsb.30 15 63 5044 .418 .289 219 
c7c.O -90 68 1158·1 ~ .052 387 1sc.30 15 63 4450 .391 _41_ 200 

.051 .0•11 .378 .219 

1a.35 -3 58 4039 .675 .52 186 2sa.30 -15 63 6795 .389 .265 271 
1b.35 0 58 3851 .682 .516 180 2sb.30 -15 63 7202 .294 .076 282 
1c.35 3 58 3790 __!1!!_ 21._ 178 2sc.30 -15 63 6761 .346 .147 270 

.683 .518 .342 .162 

2a.35 -5 58 3281 .609 .49 160 lsa.40 30 63 3278. .245 .088 159 
2b.35 0 58 3250 .596 .456 158 1sb.40 0 63 3821 .285 .168 179 
2c.35 0 58 3240 _2[L __AQL 158 1sc.40 30 63 3509 .261 .072 168 

.59 .449 .263 .109 

1a.45 10 58 2337 .423 .293 123 2sa.40 -15 63 6934 .196 .069 275 
lb.45 5 58 2247 .385 .221 119 2sb.40 7.5 63 7102 .175 .084 279 
1c.45 -5 58 2366 .408 __1_?.!._ 124 2sc.40 -7.5 63 7258 .187 .064 284 

.405 .261 ~ .185 .072 

2a.45 7,5 58 3273 .551 .419 159 I sa. 50 25 63 2611 .092 .061 134 
2b.45 5 58 3131 .551 .374 154 lsb.50 -30 63 2898 .183 .106 145 
2c.45 -5 58 3120 ~ .349 154 1sc.50 0 63 2746 .099 .02 139 

.545 .38 .124 .062 

la.55 -5 59 9710 .388 .162 345 2sa.50 7.5 64 2811 184.412 .054 142 
1b.55 0 59 10898 .385 .164 372 2sb.50 7.5 64 3075 .217 .109 152 
1c.55 -5 59 9546 __1_?_L _11!_ 341 2sc.50 0 64 3133 .196 .095 154 

.382 .156 61.608 .086 

1a.65 -10 59 3003 .083 .029 149 1sa.60 -45 64 4206 .105 .078 192 
1b.65 5 59 3613 .158 .093 172 1sb.60 -60 64 4749 .187 .044 210 
1c.65 0 59 3111 ~ .051 153 1sc.60 -45 64 4715 .18 .052 209 

.112 .057 .157 .058 

2a.65 7.5 59 5917 .053 .029 246 2sa.60 -60 64 4207 .226 .112 192 
2b.65 -75 59 5531 .091 .045 234 2sb.60 -45 64 4749 .184 .055 210 
2c.65 -45 59 5776 ~ -.007 242 2sc.60 -75 64 4412 .094 ____,Q_!1_ 199 

.066 .022 .168 .06 



381' 382 

Integrated Intensity Data Integrated Intensity Data 

Filename y Fiber <Po> <P,> <P > Back Filename )( Fiber <Po> <P•> <P,> Back 

1ala.r 7.5 5 6593 .656 .489 265 bla.bk -7.5 36 4102 .727 .661 189 
1alb.r 7.5 5 6639 .676 .49 267 b1b.bk 0 36 4085 .734 .739 188 
1alc.r 12.5 5 6463 ~ _:1E_ 262 b1c.bk -5 36 4069 .724 ~ 188 

.663 .488 .728 .696 

1 b1 a.r 15 5 14368 .341 .096 444 2a.b 7.5 34 8278 .658 .515 310 
~ 1blb.r 7.5 5 14739 .329 .086 451 2b.b -7.5 34 8035 .65 .524 304 

I b1c.r 45 5 12188 .469 .225 400 2c.b 0 34 8253 .64 __&..L 310 
I bld.r 52.5 5 12226 ...,lli_ .321 401 .649 .511 

.544 .242 
b3a.bk -9 49 4279 .687 .645 195 

lei a.r 0 5 7745 .469 .283 297 b3b.bk -10 49 4096 .671 .626 188 
1clb.r -7.5 5 7434 .45 .256 288 b3c.bk 0 49 3985 _M!_ -..:ill_ 185 
1clc.r -5 5 7428 _:.!iL .345 288 .667 .614 

.454 .294 
4a.b 0 34 4995 .631 .562 218 

1d1a.r -30 6 4688 .103 -.041 208 4b.b -3 34 5183 .615 .525 224 
1dlb.r 60 6 3770 -.05 -.016 177 4c.b -5 34 5257 .632 .565 226 
ldlc.r -60 6 3639 .:.:.!L -.025 173 .626 .55 

-.023 -.028 
b5a.bk 0 69 5619 .423 .222 237 

1d2a.r 0 6 4120 .021 -.005 189 b5b.bk -5 69 6276 .494 .4 256 
1d2b.r -30 6 4239 .073 -.022 193 b5c.bk 0 69 6343 .44 .21 258 
1d2c.r -60 6 3913 ~ -.025 182 .452 .277 

.049 -.018 
b6a.bk -60 71 4885 .066 .029 214 

2fa.r -90 36 4918 .317 .074 215 b6b.bk 30 71 5647 .049 .007 238 
2fb.r -75 36 6683 .147 .028 268 b6c.bk -15 71 5488 .05 -.017 233 
2fc.r -75 36 4917 ~ .138 215 .054 .006 

.27 .08 
7a.b 90 35 7314 .061 .001 285 

2ga.r 30 36 3127 .135 .061 154 7b.b 55 . 35 8015 .039 .001 304 
2gb.r -7.5 36 3680 .071 -.005 174 7c.b -90 35 7171 ~ .031 281 
2gc.r 7.5 36 3918 ~ _j!iL 182 .061 .Oll 

.117 .033 
9a.b 3 35 8117 .609 .413 306 

8a.bk 5 49 3082 .703 .674 152 9b.b 7.5 35 7652 .523 .264 294 
8b.bk 0 49 3077 .697 .676 152 9c.b 7.5 35 1404 .499 .261 82 
8c.bk 0 49 3094 ....B.L __l_!L 153 .543 .312 

.704 .689 

~ 



., 
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Integrated Intensity Data Integrated Intensity Data 

Filename X Fiber <Pn> <P2> <Pt> Back Filename ]( Fiber <Po> <Po> <P.> Back 

lOa.b 0 35 6344 .293 .009 258 3a.3a 0 73 8104 .503 .247 306 
lOb.b -7.5 35 6857 .338 .049 273 3b.3a -4 73 8227 .471 .186 309 
lOc.b -10 35 7231 .356 ...1QL 283 3c.3a -7.5 73 8036. .485 .202 304 

.329 .054 .486 .211 

b11a.bk -15 48 2142 .229 .036 115 12a.3a -7.5 73 10650 .136 .044 367 
b1lb.bk -7.5 48 2136 .251 .094 115 12b.3a 0 73 11019 .175 .095 375 
b11c.bk 7.5 48 2041 ....:.m__ ~ 110 12c.3a 0 73 11081 ....:lli__ ~ 376 

.234 .063 .157 .065 

b12a.bk 5 70 2258 .371 .163 120 18a.3a -15 73 4927 .558 .413 216 
bl2b.bk 0 70 2227 .377 .159 118 18b.3a 15 73 5062 .512 .355 220 
bl2c.bk -IS 70 2427 ~ _lL_ 127 18c.3a 0 73 5338 __M_ ....:ill_ 229 

.384 .17 .533 .376 

13a.b -20 34 6978 .086 .014 276 19a.3 IS 73 9913 .604 .48 350 
13b.b -7.5 34 5862 -.032 .008 244 19b.3 4 73 10355 .571 .433 360 
13c.b -30 34 6823 .054 -.006 272 19c.3 11 73 10098 .592 .458 354 

.036 .005 .589 .457 

lga.bl 0 36 2784 .09 .03 141 2a.4a -4 73 8445 .442 
I 

.217 315 
lgb.bl -40 36 2909 .08 .011 146 2b.4a 15 73 9774 .512 .293 347 
lgc.bl -60 36 2787 .083 .035 141 2c.4a 7.5 73 9171 __AI!_ .237 332 

.084 .025 .476 .249 

lma.bl -60 36 1497 .136 .08 86 3a.4a 7.5 73 11609 .56 .437 388 
· lmb.bl 10 36 2293 .193 .091 121 3b.4a -4 73 11642 .531 .378 389 

lmc.bl -60 36 1685 .054 .049 95 3c.4a 4 73 11631 ~ .409 388 

.127 m3 .546 .408 

lcla.bl 0 6 3745 .223 .096 176 Sa.4a 0 73 9047 .548 .404 329 
lclb.bl 0. 6 3746 .223 .096 176 Sb.4a -IS 73 8143 .493 .316 307 
lclc.bl (>" 6 3938 .277 .092 183 Sc.4a -11 73 8719 ~ ...:.ill_ 321 

.241 .094 .525 .37 

le1a.bl 0 6 3228 .216 .097 158 7a.4a 23 73 15098 .355 .206 457 
lelb.bl 0 6 3745 .297 .103 176 7b.4a 0 73 11479 .liS .001 385 
lelc.bl -5 6 3564 .269 _l!L 170 7c.4a 11 73 13150 .225 ~ 420 

.26 .106 .232 .087 
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Integrated Intensity Data Integrated Intensity Data 

Filename X Fiber <Po> <P2> <Pt> llack Filename X Fiber <Po> <P2> <P > llack 

3a.Sa 23 74 7901 .432 .168 301 4a40.a 18 73 8385 .53 .451 313 
3b.5a 0 74 8312 .394 .175 311 4b40.a -7.5 73 9157 .525 .458 332 
3c.5a 15 74 8367 __jJ!_ .169 313 4c40.a 7.5 73 8825 .....M._ .505 324 

.414 .17 .531 .471 

5a.5a 0 74 9735 .347 .166 346 2a50.a -20 74 6784 .594 .543 271 
5b.5a 10 74 9148 .327 .155 332 2b50.a -15 74 7248 .596 .535 283 
5c.5a 0 74 8914 _11!_ __£!_ 326 2c50.a 0 74 7020 __,_ill_ .482 277 

.34 .163 .585 .52 

6a.5a 7.5 74 13342 .343 .153 424 15a50.a 15 74 11160 .513 .503 378 
6b.5a -22.5 74 12714 .306' .Ill 411 15b50.a 1.5 74 10069 .432 .332 354 
6c.5a -7.5 74 12911 __1L_ ~ 415 15c50.a 0 74 8894 _d!L _,Qll_ 326 

.326 .142 .42 .305 

15a.5a 75 74 14454 .056 -.005 445 3sa.30 -10 75 . 
10020 .345 .176 353 

15b.5a -75 74 14239 .188 .077 441 3sb.30 7.5 75 10587 .351 .201 365 
15c.5a -60 74 15407 _._1_ .051 463 3sc.30 4 75 10465 -...:!?.L .247 363 

.114 .04 .356 .208 

5a30.a -11 73 6578 .568 .396 265 4sa.30 15 75 10856 .298 .145 37! 
5b30.a -7.5 73 6784 .555 .405 271 4sb.30 30 75 10855 .35 .209 371 
5c30.a -15 73 6493 2L .351 263 4sc.30 30 75 10901 .364 .214 372 

.557 .384 .337 .189 

la40.a -10 73 11608 .561 .514 388 5sa.30 -15 79 5702 .048 .033 240 
1b40.a -7.5 73 11287 .554 .539 381 5sb.30 30 79 5980 .049 .039 248 

'tc40.a -15 73 11265 _ML _ML 380 5sc.30 Hi 79 5824 .034 ...J!IL 243 
.567 .546 .043 .048 

6a40.a 7.5. 74 5529 .554 .551 234 6sa.30 22.5 80 5631 .365 .151 237 
6b40.a 7.5 74 5049 .474 .454 220 6sb.30 10 80 5710 .379 .313 240 
6c40.a 5 74 4908 ..AL ~ 215 6sc.30 · 12 80 5940 _AlL ~ 247 

.502 .5 .387 .249 

2a40.a 41 73 8317 .623 .67 311 la.a4 0 76 2377 .601 .542 125 
2b40.a 0 73 9917 .499 .371 350 lb.a4 7.5 76 2351 .572 .547 124 
2c40.a 30 73 10044 _._6_ .56 353 lc.a4 17.5 76 2290 .516 .454 121 

.574 .533 .563 .514 
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Integrated Intensity Data Integrated Intensity Data 

I 
Filename X Fiber <Po> <P2> <P > Back Filename X Fiber <Po> <P2> <P4> Back I 

2a.a4 0 76 7528 .683 .764 291 2a.a5 7.5 78 3720 .432 .347 175 
2b.a4 -3 76 7369 .701 .769 287 2b.a5 0 78 4146 .448 .39 190 
2c.a4 -I 76 7340 ...:NL .795 286 2c.a5 7.5 78 3940 ~ _d!L_ 183 

.697 .776 .435 .351 

3a.a4 -7.5 77 2323 .633 .682 122 3a.a5 22.5 78 6258 .527 .493 256 
3b.a4 -7.5 77 7557 .604 .606 292 3b.a5 5 78 6426 .492 .44 261 
3c.a4 0 77 2477 _M_ ....1.L 129 3c.a5 20 78 6378 ~ .533 259 

.625 .679 .518 .488 

4a"a4 25 77 7559 .631 .661 292 4a.a5 -4 78 7612 .445 .358 293 
4b.a4 15 77 7557 .604 .606 292 I 4b.a5 4 78 8744 .439 .257 322 
4c.a4 -7.5 77 7837 .609 ....M!_ 299 4c.a5 0 78 7061 _,ill_ ~ 278 

.614 .618 .445 .327 

5a.a4 -33 77 4225 .507 .373 193 5a.a5 3 78 5814 .375 .272 243 
5b.a4 -17 77 4378 .501 .43 198 5b.a5 18 78 5323 .396 .292 228 
5c.a4 -35 77 4146 .505 _A!_ 190 5c.a5 15 78 5431 .391 .25 231 

.504 .411 .387 .271 

6a.a4 -28 77 1482 .312 .224 86 6a.a5 7.5 78 3189 .147 .02 156 
6b.a4 0 77 1625 .286 .164 92 6b.a5 -45 78 2896 .32 .203 145 
6c.a4 -15 77 1513 .295 .152 87 6c.a5 -37.5 78 3368 .232 .14 163 

.297 .18 .233 .12 

7a.a4 0 77 3554 .262 .091 170 7a.a5 30 78 7191 .2 .042 282 
7b.a4 -15 77 3369 .283 .157 163 7b.a5 15 78 6853 .143 .024 273 
7c.a4 -15 77 3239 .262 _jJ_!_ 158 7c.a5 30 78 7508 ~ .128 290 

.268 .12 .175 .064 

8a.a4 -90 78 11702 .175 .053 390 8a.a5 -45 78 8736 .364 .193 322 
8b.a4 -90 78 12316 .153 .051 403 8b.a5 7.5 78 9628 .252 .058 343 
8c.a4 -90 78 11369 .175 .083 383 8c.a5 -35 78 9403 .29 .15 338 

.167 .062 .302 .133 

1a.a5 5 78 5151 .234 .132 223 80a.s -4 80 10629 .412 .29 366 
lb.a5 -10 78 6501 .356 .299 263 80b.s -4 80 10876 .388 .221 372 
lc.a5 0 78 5502 ~ ~ 234 80c.s -10 80 11016 ~ ~ 375 

.283 .199 .396 .235 
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Integrated Intensity Data 

Filename X Fiber <Po> <P2> <P > llack 

hna.s -15 80 7103 .085 .003 279 
hnb.s 60 80 5488 .102 .035 233 
hnc.s 75 80 5330 ~ ~ 228 

.085 .024 

pela.80 8 90 13031 .432 .253 417 
pelb.80 -8 90 12534 .402 .212 407 
pelc.80 0 90 12788 .419 .237 412 

Appendix III: 

Scattering from Glass Fibers 

~ 

. 
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Appendix Ill Appendix Ill 

Scattering from Glass Fibers Scattering from Glass Fibers 

gLI gL2 gL3 gfa.7 gfa.8 gfa.9 

_x_ 1hl _x_ 1.W _x_ 1.W _x_ lhl_ _x_ .l1x.L _x_ l.W. 

90 511 90 648 90 599 90 1281 90 1022 90 946 
75 511 60 601 60 586 60 1164 60 877 60 844 
60 511 30 558 30 578 30 1016 30 809 30 749 
45 511 0 548 0 548 0 962 0 783 0 738 
30 511 -30 560 -30 557 -30 1034 -30 802 -30 778 
15 511 -60 603 -60 581 -60 1182 -60 920 -60 853 
0 511 -90 660 -90 630 -90 1332 -90 997 -90 981 

-15 511 0 0 0 0 
-30 511 0 0 0 0 
-45 511 0 0 0 0 
-60 511 0 0 0 0 
-75 511 0 0 0 0 I I gLIO gLII __g_Ll2 
-90 511 0 0 0 0 

_x_ 1hl _x_ l.W. _x_ l.W. 

90 702 90 604 90 730 
60 690 60 563 60 723 

gL4 gf.5 gf.6 I I 30 578 30 550 30 652 
0 612 0 499 0 634 

_x_ 1hl _x_ __LW_ _x_ __LW_ I 1 -ao 597 -30 570 -30 626 
-60 665 -60 591 -60 677 

90 626 90 1060 90 1253 I I -90 680 -90 597 -90 724 

60 570 60 940 60 1136 
30 572 30 844 30 978 
15 555 0 793 0 924 
0 550 -30 816 -30 986 

-30 563 -60 930 -45 987 
-60 568 -90 1090 -60 1078 
-90 598 0 0 -90 1190 
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Appendix Ill Appendix Ill 

Scattering from Glass Fibers Scattering from Glass Fibers 

14 . .&!....__ 15.gf 16.gf 20.gf 2l.gf 22.gf 

_x_ l..W_ _x_ 1..W. _x_ 1..W. _x_ lW_ _x_ 1..W. _x_ 1..W. 

90 646 90 597 90 670 90 591 90 632 90 586 
60 664 60 564 60 674 60 586 60 601 60 554 
30 600 30 539 45 628 45 566 45 549 45 559 
0 561 0 526 30 611 30 545 30 578 30 513 

-30 590 -30 549 0 582 0 530 0 518 0 539 

-60 625 -60 569 -30 570 -30 557 -30 561 -30 553 
-90 679 -00 609 -45 598 -45 569 -45 533 -45 563 

-60 582 -60 577 -60 601 
-90 615 -90 633 -90 608 

17 .gf 18.gf 19.gf 
23.gf 24.gf 25.gf 

_x_ l.W_ _x_ 1.W. _x_ 1.W. 
_x_ l.W_ _x_ 1.W. _x_ 1.W. 

00 554 00 601 90 569 
60 533 60 558 60 557 00 869 90 543 90 530 
45 543 45 528 45 540 60 825 6o 512 60 505 
30 519 30 511 30 532 45 759 45 524 45 506 
0 512 0 515 0 527 30 740 30 509 30 489 

-30 517 -30 522 -30 531 0 697 15 520 0 504 
-45 528 -45 543 -45 527 -30 756 0 486 -30 469 
-60 547 -60 537 -60 545 -45 770 -15 519 -45 515 
-00 563 -90 565 -90 573 -60 812 -30 510 -60 . 519 

-90 899 -45 527 -90 530 
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Scattering from Glass Fibers Scattering from Glass Fibers 

26.gf 27.gf 28 . .&!__ 32.gf 34.gf 35.gf 

__x_ LW_ __x_ 1.W. _x_ 1.W. __x_ . LW_ _x_ 1.W. _x_ 1.W. 

90 550 90 630 90 618 90 740 90 484 90 583 
60 524 60 595 75 579 75 734 60 459 60 578 
45 490 45 534 60 558 60 684 45 478 45 546 
30 508 30 539 45 541 45 669 30 460 30 531 
0 507 0 522 30 512 30 662 0 462 15 549 

-30 483 -30 534 0 520 15 643 -30 461 0 534 
-45 480 -45 541 -30 524 0 628 -45 482 -15 525 
-60 532 / -60 576 -45 548 -15 612 -60 479 -30 527 
-90 551 -00 606 -60 553 -30 630 -90 495 -45 549 

-45 655 0 0 -60 574 
-60 679. 0 0 -90 614 
-75 737 0 0 0 0 

29.gf 30.gf 3l.gf I 1 -90 755 0 0 0 0 

__x_ l..{rl_ __x_ l1x.l __x_ l1x.l 

00 633 00 517 90 537 I I 36.gf 37.gf 38.gf 

60 606 60 508 60 503 
45 591 45 475 45 493 __x_ LW_ __x_ l1xl __x_ l1xl 
30 555 30 468 30 501 
15 545 0 484 0 484 90 620. 90 558. 90 526. 
0 543 -30 481 -30 501 60 553 60 552. 60 514 

-15 552 -45 475. -45 487 45 546 45 520. 45 530. 
-30 551 -60 491 -60 480 30 549 30 521. 30 487. 
-45 572 -90 529 -90 547 0 544 0 506 15 460. 
-60 586 0 0 0 0 -30 547. -30 512 0 497. 
-90 638 0 0 0 0 -45 535. -45 520. -15 519 

-60 539. -60 537. -30 505. 
-90 593 -90 584 -45 523. 
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Scattering from Glass Fibers Scattering from Glass Fibers 

39.&!__ 40.gf 41.gf 45.gf 46.gf 47.gf 

_x_ 11xL _x_ llxl _x_ llxl _x_ lW_ _x_ llxl _x_ l1xl 

90 515. 90 459. 90 490 90 522. 90 567. 90 596. 

60 506 60 472 60 492 60 495. 60 573 60 577. 

45 486. 45 488 45 469. 45 508. 45 556. 45 543. 

30 472. 30 474 30 475. 30 481 30 50·t 30 503. 

0 451. 0 439 0 471. 0 487. 0 522. 0 516. 

-30 48·t -30 440. -30 490. -30 489 -30 521 -30 535. 
-45 478. -45 454. -45 485. -45 468 -45 533 -45 542. 
-60 490. -60 475. -60 497. -60 509. -60 544 -60 565. 
-90 535. -90 462 -90 493. -90 521 -90 562. -90 585 

__ 4_2&!__ 43.gf 44.gf 48.gf 49.gf 50.gf 

_x_ 11xL _x_ llxl _x_ l1xl _x_ 11xL _x_ llxl _x_ l1xl 

90 711 90 850. 90 535. go 591. 90 763. 90 512 
60 660. 60 786. 60 524. 60 564 60 696. 60 485. 
45 654. 45 739. 45 503. 45 566. 45 697 45 495. 
30 619. 30 732 30 499. 30 530. 30 658. 30 485. 
0 615. 0 706. 0 473. 0 543. 0 626 0 481. 

-30 623. "' -30 696. -30 479. -30 541 -30 639. -30 481 
-45 663 -45 693 -45 493 -45 554. -45 645. -45 486. 
-60 6·15 -60 761. -60 509. -60 559 -60 709. -60 484. 
-90 750. -90 847. -90 531 -90 611. -90 738 -90 524. 
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Scattering from Glass Fibers Scattering from Glass Fibers 

51.&!__ 52.gf 53.gf 57.gf 58.gf 59.gf 

_x_ 11xL _x_ l.W_ _x_ l.W_ _x_ 11xL _x_ l.W_ _x_ l.W_ 

90 672. 90 637 90 492 90 511 90 732. 90 486 

60 625 60 621 60 464. 60 463. 60 681 60 468 

45 595. 45 587 45 449 45 472. 45 664. 45 459. 

30 595 30 571. 30 476. 30 471. 30 637. 30 472 

0 573. 15 529 0 451 0 475. 15 618 15 471. 

-30 585 0 555. -30 470 -30 476. 0 625. 0 455. 

-45 595. -15 561. -45 473 -45 474 -15 619. -15 453. 

-60 634. -30 592. -60 471. -60 491. -30 614. -30 447 

-90 643. -45 589 -90 478. -90 507. -45 660. -45 472. 

54 . .&!__ 55.gf 56.gf 60.gf 6l.gf 62.gf 

_x_ 11xL _x_ l.W_ _x_ l.W_ _x_ 11xL _x_ l.W_ _x_ l.W_ 

90 583 90 564. 90 760 90 489. 90 688. 90 582 
• I 60 567. 60 559. 60 705. 60 530. 60 669. 60 546 

45 521. 45 537. 45 645. 45 488. 45 621. 45 536 

30 532 30 529. 30 659 30 475. 30 621. 30 566 

0 541. 15 506 15 626. 15 484 15 614 0 550 

-30 500 0 508 0 615. 0 470 0 589. -30 539 

-45 559. -15 521. -15 623. -15 481 -15 573. -45 552. 

-60 556. -30 498. -30 650 -30 481. -30 584. -60 552 

-90 612. -45 531. -45 634. -45 487. -45 615. -90 592. 
-60 493. -60 630. 0 0 
-90 485 -90 671 0 0 
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Scattering from Glass Fibers Scattering from Glass Fibers 

63.KL._ 64.gf 65.gf 69.gf 70.gf 7l.gf 

_x_ .LW._ _x_ Lhl _x_ Lhl _x_ .LW._ _x_ Lhl _x_ Lhl 

90 725 90 727. 90 454. 90 565 90 560. 90 451. 
60 683 60 650 60 483. 60 543. 60 542. 60 448. 
45 643. 45 662. 45 444. 45 516 45 500. 45 435 
30 608. 30 641 30 434. 30 495 30 507 30 457 
0 592. 0 612 0 446. 0 472 15 495 0 426. 

-30 621. -30 613. -30 413. -30 192 0 188. -30 425. 
-45 629. -45 617. -45 4·18 -45 505 -15 481 -45 433. 
-60 654. -60 664. -60 463 -60 514. -30 476. -60 161. 
-90 717 -90 715. -90 478. -90 539. -45 493. -90 479. 

66.v;f 67.gf 68.!L__ 72.gf 73.gf 74.gf 

_x_ .LW._ _x_ Lhl _x_ Lhl _x_ .LW._ _x_ Lhl _x_ Lhl 

90 577 90 558. 00 675 90 658. 90 785. 90 665. 
60 542 60 541. 60 635 60 635. 60 756. 60 615. 
45 529. 45 544 45 593. 30 590 30 666 30 577. 
30 510 30 522 30 573 0 570 0 663. 15 587. 
0 479. 0 490. 0 566. -30 579 -30 684 0 570. 

-30 533. -30 499. -30 545. -60 620. -60 715. -15 554 
-45 528 -45 518 -45 584. -90 682 -90 818. -30 589. 
-60 513. -60 541. -60 626. 
-90 542. -90 580. -90 660. 

,f 
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10 REM "This program adjusts raw intensity data" 
15 REM •ror background scattering, fits it to a spline" 
20 REM "(cubic) curve and calculates the moments or the" 
25 REM "orientation distribution runction." 
30 REM 
40 DIM CIII(50),FI(50),A1(50),A2(50),A3(50),R(50),F2(75),G(50) 
50 INPUT "Data file" ;DNMfE$ 
60 OPEN DNMfES FOR INPUT AS #I 
65 INPUT "Axis or symmetry" ;CENTER 
70 INPUT #1,N: INPUT #1,N1 
80 FOR I = I TO N 
90 INPUT #1,CHI(I): INPUT #I,FI(I) 
100 NEXT 
J051NPUT "Calculate D(alpha) (y/n)";TS 
110 REM 
120 REM "Begin cubic spline" 
130 REM 
140 FOR I = 2 TO N-1 
150 DX = CHI(I+1)- Clll(l) 
160 A1(1) = (CHI(I)- CIII(I-1))/DX 
170 A2(1) = 2"(CIII(I+l)- CIII(I-1))/DX 
180 A3{1) = 1 
190 R(l) = 6"(FI(I+1)- FI(I))/(DX•DX) 
200 R(l) = R(l)- 6"(FI(I)- Fl(I-1))/(DX•(Cill(l)- CHI(I-1))) 
210 NEXT 
220 REM 
230 A1(2) = 0 
240 A3(N-1) = 0 
250 REM 
260 A1(N-1) = A1(N-I)/A2(N-1) 
270 R(N-1) = R(N-1)/A2(N-1) 
280 REM 
290 FOR I = 3 TO N-1 
300 J = N+1-l 
310 TEMP= I/(A2(J)- A1(J)"A3(J-1)) 
320 A1(J-1) = A1(J-1)"TEMP 
330 R(J-1) = (R(J-1)-A3(J-1)"R(J))"TEMP 
340 NEXT 
350 REM 
360 G(2) = R(2) 
370 FOR I = 3 TO N-1 
380 G(l) = R(l) • A1(1) • G(l-1) 
390 NEXT 
400 ALPHA = 90! 
410 K = 1 
420 G(1) = 0 
430 G(N) = 0 
440 REM 
450 REM "Interpolate to 2.5 degree increments." 
460 REM 
4801=1 
490 DCHI = Clll(l+l)- Clll(l) 
500 DALPII1 = CHI(I+I)- ALPHA 
505 DALPH2 = ALPHA - Clll(l) 

·105 

510 F2(K) = (G(I)/6) • (DAl.PIIl'3/DCIII- DCIII • DAl.PH1) 
520 F2(K) = F2(K) + (G(I+l)/6) • (DALPII2'3/DCIII- DCIII•DALPH2) 
530 F2(K) = F2(K) + Fl(l) • DAI.PHI/DCIII + Fl(l+l)"DALPH2/DCHI 
550 ALPHA = ALPHA - 2.5 
560 K = K+l 
570 IF ALPIIA < C111(1+1) THEN I= I+ I 
580 IF I = N TliEN GOTO 600 
590 GOTO 490 
600 K=K 
610 REM 
620 REM "Interpolation complete.• 
640 REM 
880 REM 
900 RNAMES = DNAMES + "b" 
980 CLOSE #3 
1000 DEFDBL P,D 
1050 REM 
1100 REM • The program below calculates the Legendre coefficients. • 
1150 REM 
1510 IF TS = •y• THEN GOTO 1550 
i520 GOTO 2000 
1650 PNAMES ~ DNAMEI +"I" 
1600 PRINT: "File ror Legendre coefficients is" ;PNAMEI 
1700 OPEN PNAMES FOR OUTPUT AS #3 
2000 DIM P(10,73),PAYE(10),D(73),PX(10,73),NSY(73),GLASS(73) 
2200 co = 3.14159 • 2 
2300 REM 
2400 REM "Begin calculation or Legendre coefficients. Correct data ror glass." 
2500 REM 
2600 INPUT "Correct ror glass (y /n)";YS 
2650 IF Yl = "y" THEN GOTO 2700 
2675 GOTO 3000 
2700 INPUT "File ror fiber ";FINM1S 
2750 OPEN FINAMS FOR INPUT AS #4 
2760 INPUT .. #4,N1 :INPUT #4,N 
2780 FOR I = 1 TO 73 
2790 INPUT #4, A : INPUT #4, GLASS (1) 
2800 NEXT I 
2810 BACK= 0 
2820 REM 
2830 REM "OUTS= 2 loop corrects (or background (incoherent) scattering." 
2840 REM 
2850 FOR OUTS = 1 TO 2 
3000 FOR IN= 1 TO 73 
5000 A= -2.5 • (IN- 1) + 90 
5500 NSY (IN) = F2(1N)- BACK 

· 5510 IF YS = "y" THEN GOTO 5540 
5520 GOTO 5600 
5540 NSY(IN) = NSY(IN)- GLASS(IN) 
5600 A = A - CENtER 
6000 A= (90-ABS(A)) • 2"3.14159/360 
7500 CA = COS(A) 
8500 B = ABS(SIN(A))" NSY(IN) 
8600 REM 
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8700 REM "Legendre functions follow. P( l,IN) is the intensity • sin(alpha)." 
8800 REM 
0000 P(l,IN) = D 
0100 IF OUTS = I THEN GOTO 24000 
10000 P(2,1N) = (3"CA·2 · 1)/2 
10500 P(3,1N) = (35*CA • 4-30*CA ·2 +3)/8 
10600 IF TS=Y$ THEN GOTO 11000 
10700 GOTO 21000 
11000 P(4,1N) = (23li*CA ·6-315*CA. 4+105*CA.2-5!)/16 
11500 P(5,1N) = (6435*CA .8-12012*CA .6+6030*CA. 4-1260*CA .2+35)/128 
12000 P(6,1N) = (46189!"CA ·10 • 1003051*CA ·g + 90090!*CA .6 • 30030*CA. 4 + 3465*CA.2) 
13000 P(6,1N) = (P(6,1N). 63)/256 
14000 P(7,1N) = (676030!*CA ·12 • 10309381*CA.10 + 2078505!*CA.8. 1021020!*CA ·a) 
16000 P(7,1N) = (P(7,1N) + 225225!*CA.4- 18018*CA.2 + 231)/1024 

407 

17000 P(8,1N) = 2507287.5#*CA.14 • 8450487.5#*CA ·12 + 11154643.5#*CA.IO · 7274767I*CA·s 
18000 P(8,1N) = (P(8,1N)+2424023!*CA ·a- 382882.5*CA. 4 + ~2522.5*CA ·2 • 214.5)/1024 
10000 P(O,IN) = 300540195# • CA" 16- 1163381400# • CA·u + 1825305300# • CA.l2 
10500 P(O,IN)- P(O,IN)-1487285800#*CA •t0+660278610#*CA ·9 • 162954702#*CA.6 
20000 P(O,IN) = (P(O,IN) + 10390380# • cA·4 • 8751601 • CA.2 + 6435)/327681 
21000 FOR J = 2 TO 0 
22000 PX(J,IN)=P(J,IN)*B 
23000 NEXT J 
24000 PX(1,1N) = P(1,1N) 
25000 NEXT IN 
25002 REM 
25004 REM "End of calc.loop for Legendre coefficients." 
25006 REM 
25010 PAVE(1) = P(1,1) + P(1,73) 
25015 REM 
25020 FOR I = 2 TO 72 
25030 K = INT(I/2) 
25040 K = 2*K 
25050 PD = 4*P(l,l). 
25060 IF K < I THEN PD = 2 • P(l,l) 
25070 PAVE{1) = PAVE(1) + PD 
25080 NEXT I 
25082 REM 
25085 PAVE{l) =PAVE(!) • 5 • 3.14150/(3*360) 
25000 u = 1/3 
25100 BACK= .137*PAVE(1)*EXP(-3.840001E-02*PAVE(1)"U) 
25102 NEXT OUTS 
25104 REM 
25110 REM "Output intensity data are corrected for background and glass." 
25112 REM 
25115 PRINT "File for adjusted data is ";RNAMES 
25117 PRINT 
25120 PRINT "Back= ";BACK 
25130 OPEN RNAME$ FOR OUTPUT AS #2 
25135 PRINT #2, 73: PRINT #2, 0 
25137 REM 
25140 FOR I = 1 TO 73 
25150 ALPH = -2.5*(1- 1) + 90 
25160 PRINT #2,ALPII 
25170 PRINT #2,NSY(I) 

25180 NEXT I 
25200 REM 

~ 

25300 REM "Integrate Legendre coefficients from 0 to pi with Simpson's rule." 
25400 REM 
25500 FOR J = 1 TO 0 
26000 PD=O 
26500 PAVE(J) = PX(J,1) + PX(J,73) 
27000 FOR I = 2 TO 72 
27500 K = INT(I/2) 
28000 K = 2*K 
28500 PD = 4*PX(J,I) 
20000 IF K<l TliEN PD = 2*PX(J,I) 
20500 PAVE(J) = PAVE(J) + PD 
30000 NEXT I 
30500 PAVE(J) = PAVE(J)*5*3.14159/(3*360) 
31000 NEXT J 
31300 REM 
31400 REM "Integration complete. Normalize wrt intensity." 
31500 REM 
32000 FOR J = 2 TO 0 
32500 PAYE(J) = PAVE(J)/PAVE{l) 
33000 NEXT 
34000 PRINT 
34100 Q1=PAVE(2) 0-2: Q2=PAVE(3)*4 
34500 PRINT "PO= ";PAVE(1);" P2 = ";QJ;" P4 = ";Q2 
34550 IF T$ = "y" THEN GOTO 34600 
34560 STOP 
34600 FOR J = 1 TO 9:PRINT #3,PAVE(J) :NEXT J 
~4700 REM 
34800 REM "Begin calculation of orientation distribution." 
34000 REM 
35000 PAVE(2) =PAVE (2) *-10 
35500 PAVE(3) =PAVE (3) • 24 
36000 PAVE(4) =PAVE (4) 0 -41.6 
37500 PAVE (5) =PAVE (5) • 62.17 
38000 PAVE (6) =PAVE (6) *-85.33 
38500 PAVE (7) =PAVE (7) • 110.83 
38700 PAVE (8) =PAVE (8) • -138.44 
38000 PAVE (0) =PAVE (o) • 168.04 
39500 FOR I = 1 TO 73 
41000 FOR J = 2 TO 9 
41500 D(l) = D(l) + P(J,I)*PAVE(J) 
42000 NEXT J 
42400 D(l) = (D(I) + I)/CO 
42500 NEXT I 
43500 PDAVE = (D(l) + D(73))* ABS(SIN (CENTER*2*3.14159/360)) 
44000 FOR I = 2 TO 72 . 
44500 A= 90- (1-1)*2.5- CENTER 
45000 B = ABS(SIN ((90- A)*2*3.14159/360)) 
46000 K = INT(I/2) 
46500 K = 2*K 
47000 PDD = 4*D(I)*B 
48000 IF K<l THEN POD= 2*D(I)*B 
49000 PDA VE = PDA VE + PDD 

" 
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50000 NEXT I 
50200 PDAVE = PDAVE•s•3.14159/(3•360) 
50500 PRINT "pdave = ";PDAVE 
53000 FOR I = I TO 73 
54000 D(l) = D(I)/PDA VE 
55000 NEXT I 
55700 PRINT D(J );" ";0(9);" ";D(I8);" • ;0(27);" ";D(37) 
55900 REM 
56000 REM "Write orientation dist. to disk." 
56100 REM 
56150 ONAMES = DNAMES + "d" 
56200 PRINT "D(alpha) file i.! ";ONA~1ES 
56250 CLOSE #3 
56300 OPEN ONMfES FOR OUTPUT AS #3 
56400 PRINT #3,73 
56500 PRINT #3, 0 
56700 FOR I = I TO 73 
~800 A- 90- 2.5*(1-J) 
~900 PRINT ;;3,A 
57000 PRINT #3,D(I) 
58100 NEXT I 
64000 REM 

I 109 
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This report was done with support from the 
Department of Energy. Any conclusions or opinions 
expressed in this report represent solely those of the 
author(s) and not necessarily those of The Regents of 
the University of California, the Lawrence Berkeley 
Laboratory or the Department of Energy. 

Reference to a company or product name does 
not imply approval or recommendation of the 
product by the University of California or the U.S. 
Department of Energy to the exclusion of others that 
may be suitable. 
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