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I nter pretation of light depolarization data
in terms of polymer crystallinity
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Theoretical principles of light depolarization technique (LDT) have been analysed. It has been shown
that the traditional way of interpretation assuming a linear relationship between depolarization ratio,
average optica retardation of a single birefringent plate, D, and volume fraction of crystalline materia
(crystalinity) isincorrect. An exact non-linear relationship between depolarization ratio and the product
DE (E is average number of platesin the light path) has been derived. The parameter DE has been shown
to be proportional not to the crystallinity alone but to the product of crystallinity and average crystal
thickness, (x<d>). A method of decoupling light depolarization data, based on measurements at different
sampl e orientations and different wavelengths, has been outlined.
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1. Introduction

Physical properties of polymer materials are very sensitive to their supramolecular
structure. Two chemically identical polymer samples can exhibit very different prop-
erties depending on the fraction of crystalline phase, composition of crystal modifica-
tions, etc. Different crystallographic structures and textures can be developed by vary-
ing processing conditions [1]. Variation of temperature, cooling rate, stress or flow
fields can result in a change of crystallization rate by many orders of magnitude af-
fecting final structure and properties of the material.

Traditional techniques used for measuring the polymer crystallinity — DSC, dila-
tometry, WAXS — are al limited to slow processes (sampling frequency less than
1 Hz), whereas in industrial conditions the crystallization proceeds in a fraction of
a second, when a stress or flow is applied. When cooling rates are very high asis the
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case in fibre spinning or film formation, the entire process is completed in millisec-
onds. Application of an optical method seems a natural solution. Light depolarization
technique (LDT) has been introduced for studying crystallization and melting of poly-
mers by Fischer and Schram [2] and Magill [3-6] in late fifties and sixties. In spite of
its controversial interpretation [7-9], the method is widely used at present [10-13].
An experimental setup for LDT measurements is presented in Figure 1. A parallel
light beam is passed through a polarizer (P), film sample containing anisotropic crys-
tals (S), analyser (A) and itsintensity is measured by a detector (D).
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Fig. 1. Light depolarization setup:
P —polarizer, S—sample, A —analyser, D — detector

A theoretical basis for interpretation of light intensity data is based on the Fresnel
formula [14] describing intensity of polarized light transmitted through an optically
retardant (birefringent) object

o)

lo

=cos’ p+sin2asin2(p—a) D (1)

where |, is incident intensity, ¢ — the angle between optical axes of the polarizer and
analyser, D = sinl(d2) — optical retardation function, and o — the angle between the
optical axis of the birefringent plate and the polarizer. The relative retardation is pro-
portional to the plate thickness, d, and birefringence, An, and inversely proportional to
the wavelength, 4

_ 2nAnd
A

)
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The presence of a retardant element converts a linearly polarized light beam into
eliptically polarized one. A gquantitative characterization of the depolarization effect
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reguires that scattering and absorption effects leading to intensity loss, |, be taken
into account. This can be done by replacing the incident intensity 1, in Eq. (1) by
asum of intensities at parallel and crossed polarizers[2]

l, = l,-Ig= I((p=%n)+|((p=0)= I, +1, 3

The ratio of intensity transmitted through the system with crossed polarizers, |, to
the incident intensity corrected for scattering, is a quantitative measure of the depo-
larization effect

2, =2sin’2a De (0,1) (4)

In the absence of any retardant elements between the polarizer and analyser no
light is transmitted through crossed polarizers

2sin’ 2 D =0: L =0 (5)

IL+I||

while an anisotropic element with maximum retardation effect yields a complete de-
polarization, i.e. a conversion into the state of circular polarization
21,

[, +1

2sin’2a D —1:

-1 (6)
I

The single-plate formula (Eq. (1)), yielding linear relation between the plate retar-
dation and the depolarization ratio, has been used in experimental studies [2-6, 9-13].
The depolarization ratio and the average plate retardation have been (explicitly or
implicitly) identified with the degree of crystallinity, x

2, _ constD = const’x (7)

IL+I||

In real crystallizing systems, there appear many birefringent plates. It is natural to
expect that the higher degree of crystallinity the higher will be the degree of depolari-
zation. This does not imply a linear relationship between the depolarization ratio and
the retardation function D. A proportionality between these two parameters seems
reasonable only in very dilute systems in which the light beam does not meet more
than one plate on its path (Fig. 2). Analysing structure of crystallizing polymers [15],
we found the number of plates in the light path to be rather high (10>-10* making
inapplicable the single-plate formula (Eq. (1)). One has to analyse optical behaviour
of many-plate “stacks’ appearing in the light path (Fig. 3), the intensity of depolarized
light being affected by optical interactions within the stack.
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Fig. 2. Distribution of birefringent plates Fig. 3. Distribution of birefringent plates
in adilute system: a) projection on the XY plane  in aconcentrated system: &) projection on the XY

normal to the light beam, b) projection plane normal to the light beam,
on the ZX plane b) projection on the ZX plane

There is also no obvious reason to assume that relation between the retardation
and crystallinity should be unique or (the more so) linear. A more thorough theoretical
analysisis needed.

2. Depolarization of light on a statistical system of birefringent plates

Optical behaviour of a stack of parallel birefringent elements is described by the
theory of compensators [16-18]. Hsl, Richartz and Liang [17] arrived at the expres-
sion of light intensity transmitted through a stack of exactly n birefringent elements

M: F[DlvDZ!"" Dn’ﬁl’ﬁz’""ﬁ”] (8)

I”+IL

where D,, D,, ..., D, are optical retardation functions of individual elements and £,
Po,..., Br— Orientations of optical axes with respect to the sample axis.

In the situation of interest for polymer crystallization, the number of plates appear-
ing serially in a stack is large which justifies averaging over the variables D; and £.
The averaging described in detail elsewhere [19] takes into account two properties of
the function F(D;, A): linearity with respect to each variable D;, and symmetry of the
orientation distribution, eliminating all odd moments of sin24. Consequently, the
average intensity ratio reduces to a function of two moments of the function F(D;, 3)
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< & (co,ﬁ>>=d>[D,s: 0, ©)

l+1,
D=<D,> S=<sn’24> (10)
where ¢ is an angle between the polarizer and analyser, and ¢ — angle between the

sample axis and the polarizer. It can be shown [19] that averaging of the expressions
given by Hsl, Richartz and Liang [17] yields

Ly (¢;89) ) =cos’ ¢ —10032¢+1/zc052(p(1— 2DS)"
i+ 2

—%sinZﬂsinZ(z?—(p)[(l— 2DS)" - (1-2D + 2DS)”] (11)

It is evident that the average intensity transmitted through an s-plate stack is an
n-degree polynomial of the two averaged material variables— D and S. In the field of
view, many stacks appear in parallel. We assume that the distribution of stack sizesis
random and can be described with the Poisson distribution

e FE"

P(n) = Y

(12)

where nisthe number of platesin thelight path.
The intensity of light transmitted through a statistical system of many parallel
stacksis given by the equation [19]

I - oo I -
<—"a”5 (o 19)> =y P(n)<—n 2 ﬂ)> =cos’ ¢ —%coqu; + %co52¢> e o
n=0

l+1, l+1,

—lsin2195in2(z9—¢)[e’2DES ciand 2L (13)
2 T

=(1- e—2DES) —gin? 229|:e—2DES _ e—2DE(l—S):|

In the case of a random distribution of plate orientations, the transmitted intensity
reduces to afunction of asingle variable DE

I trms(w) 1 -DE 2| L ~DE
<—I >=cosz¢—50052¢[1—e ] <_>=1—e (14)

I”+ N I”+Il
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In the range of infinitely small values of DE, the single-plate (linear) formulais re-
turned

DE — 0: Vians (1) - COSZ(D—ECOSZ(DDE,
I+, 2

21,

>—> DE (15)

1t

On the other hand, in the range of very large DE, the depolarization ratio asymp-
totically approaches unity

DE - o <M>e cosz(p—%cos&o, < 2, >e 1 (16)

I”+Il I”+Il

which corresponds to a complete depolarization of the transmitted light (cf. Fig. 4).
Obviously, depolarization ratios larger than unity lack physical sense.
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Fig. 5. Light intensity for crystallizing polyethylene Fig. 6. Light intensity for crystallizing polyethylene
transmitted through crossed polarizers, | transmitted through parallel polarizers, I
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Fig. 7. Depolarization ratio 2 1,/( 1, + 1) and the variable DE
for crystallizing polyethylene obtained from intensity
measurements switched from ¢ =0to ¢ = /2 (Fig. 4)

To check the magnitude of depolarization effects during crystallization of polyeth-
ylene, we recorded intensities of light transmitted through crossed (1., Fig. 5) and
parallel polarizers (I, Fig. 6). The depolarization ratio, 21,/( 1, + I)) was calculated
from a separate experiment in which the analyser was switched from ¢ = 0to ¢ = 1/2
and back (Fig. 7). The intensity of light transmitted through crossed polarizers, |,
monotonically increases with crystallization time while the parallel component, I, ,
decreases, reaches a minimum and then increases. A similar behaviour of the totd
transmitted intensity, |,, observed by Ding and Spruiell [11] seems to be result of scat-
tering on isotropic objects formed at the beginning of crystalization. The depolariza-
tion effect corrected for scattering, 21,/( I, + Ij), monotonically increases with time,
its magnitude extending far beyond the linear region (DE = 0.4-0.8).

3. Degree of crystallinity

To analyse the relationship between the depolarization ratio and crystallinity, let
us consider a plane-parallel sample of thickness B and surface area F, containing N
birefringent crystal plates. The face area of a single plate is f;, and its thickness — d..
The volume fraction of the crystalline material, i.e. degree of crystallinity reads

N
;fidi_N<fd>

X= 17
FB FB (17)
and the average number of platesin astack E
N
2 N< f
E=<n>=ii_ 1512 (18)

F F
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representing ratio of the total area of plate faces to the area of the sample, appears as
aparameter in the Poisson distribution (Eg. (12)). In contrast to the volume fraction,
E can be much larger than unity: many-plate stacks may appear in the light path. At
full crystallinity, the maximum number of plates in a stack is equal to the ratio of
sample-to-crystal thicknesses

-5 (19)
<d>

max

Comparing Egs. (17) and (18) one finds relationship between the crystallinity, x,
and the parameter E

B<f> X
E= =B = f,d 20
<fd>X <d> [W( )] 20
where
<f><d>
Slw(f,d)|=—F"—""= 21
[w(f,d)]==——— (21)

isafunctional of crystal size distribution function. In the case of a monodisperse dis-
tribution, = reduces to unity. Consequently, the light depolarization parameter DE
i+,

2
DE=In E(nAn<d>] B—X_ —const x<d > (22)
=1 A <d>

is proportional to the crystallinity but also to the average plate thickness, <d>. The
crystallization involves nucleation and growth, crystal growth rates being (in general),
different in different crystallographic directions. Thus, the interpretation of light de-
polarization as a measure of volume fraction of crystalline phase is incorrect. Follow-
ing the crystallization with LDT is justified only when an independent measurement
of the crystal thickness is performed. A possible decoupling procedure will be dis-
cussed in Section 6.

4. Degree of crystal orientation, S

Basic assumptions underlying the original light depolarization technique required
that optical axes of crystal plates be oriented randomly and no axis of the entire sys-
tem (sample) could be specified. Analysis of systems with a non-random orientation
distribution requires a more general description. Orientation of sample axis is defined
and the intensity of the transmitted light becomes a function of the orientation of the
sample with respect to the polarizer, ¢ (Egs. (13)). On changing the sample orienta-
tion, one can obtain two independent equations for DE and DES. Putting ¢ = O (the
sample axis parallel to the polarizer) resultsin
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<2|J_(29=O)>=1_e2DES, DES:_%|n|:1_<2|L(29=O)>

1 1
==In

23
2 1—J0( )

Jo

l+1, l+1,

Jo is depolarization ratio identical with that used for a characterization of unoriented
systems (Eq. (14)). Another measurement made on the sample oriented at the angle
= n/4 with respect to the polarizer yields

<2| L (19: 7[/4)> —1— @2PEE-9)

l+1,

DE(L-S) = _%|n{1_<w>

l+1,

Jus
(24)
1

‘]n/4

=%In

A combination of Egs. (23) and (24) yields a partial decoupling of the variable DES

In(l_ ‘Jn/4)

S=<sn®2f8>=
p In(1-J,,)+In(1-J,)

(25)

YalIn
DE = —

[In(1-3_,)+In(1-J,)]

In(1-J,)

and can be used for determining the crystal orientation characteristic, S.

5. Decoupling of the characteristic DE.
I ndependent characterization of crystallinity and crystal thickness

We will present the way of decoupling the product DE into D and E based on ap-
plication of two different wavelengths, A; and 4,. Consider three depolarization ratios.
Thefirst two, Jo(41) and Jy4(4,) defined by Egs. (23), (24) use monochromatic light of
the wavelength A;. The third one, Jy(4,), an analogue to Jy(41), is measured at a wave-
length 4, different from A;. From Eg. (23) we obtain

DES(4) = -3 InfL- 3,(4)]
DES(1,) = In[L-J,(4,)] (26)

DES(4) _ D(4) _ In[1-3,(4)]
DES(4,) D(4,) In[1-3,(4,)]
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Neither the number of platesin the light path, E, nor the orientation characteristic,
S are affected by the wavelength. What changes is the optical retardation of individ-
ual plates, g, and the average retardation characteristic, D

S(A) = 2A(A)d
D(A) =< sinZ%é‘(/i) > = <sin?(Ad) > (27)

© An(A)

A ===

D can be expanded in power series with respect to the plate thickness, d. Averaging of
the sine-square function introduces various moments of the plate thickness distribution.
For the sake of simplicity, we will consider amonodisperse distribution leading to

<d™ > =(< d? >)n (28)
which yields
. 1 2 1 2
D(A)=<sn’(Ad)>=A* A"+ —A°——A+—— A"~ ..
(4)=<sn(4d)> 37 "7 T35 T1a7s (29)
A=A <d?®>

where A is areduced plate thickness. Introducing the ratio of optical coefficients

we obtain

D(4) _ L1m¢ o 2A1-8)-5(-¢)
D(%) 3 45
3(1-¢°) 148 (1-4%) + 218 (1-4) & (30)
945
218158 (1-8) v 428 (1-8°) 802 (1-¢)
14175

We also introduce a new variable, Z, obtainable directly from depolarization ratios
measured at two different wavelengths A, and 4,

7= 3 | & D(ﬂl)}z 3 {1_ flntl—Jo(ﬂo]} (31)
A=A A D) ] 1-E[7 7 In[L-Jo(4,)]
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The details of calculations are described elsewhere [19]. Z can be expressed as
apower series of the reduced thickness A

,_ AZ_(2‘—35jA4+[3‘115”052]416_[2‘135+2952‘2153]A8+... (32)
15 315 4725

and, after inversion

2
A2542<d2>=z+ 2—3§jzz+ 41—1135-}-765 23
15 1575

(33)

2 3
L[(28-110£+14287-60&°) .
4725

Now, all physical characteristics of the system are expressed as functions of Z and
the parameter £. The retardation characteristic D, is obtained in the form

_ _ 2 2 _ 3
_L+E, 20-978-7687 ), 4+87£+38°-608° 0 | gy
5 1575 4725

D1=D(/11)=z{1

To calculate the average number of plates in the light path, E, we go back to
Egs. (25) and obtain

E- DE(ﬂa)zim( ! Hu il 3(%)] }
=3, )| 3,

D(4) 22
2 2 2
» 1+1+§Z +92+29§ 13¢& Zz_35+1410§+1620§ +345¢ 73,
1575 23625

(35)

Equations. (25), (34) and (35) present solutions for three basic characteristics de-
rivable from the light depolarization: average plate orientation, S= <sin’2/3>, average
retardation function of a single plate, D(4,), and average number of platesin the light
path, E. These three characteristics, combined with reduced plate thickness 4, and
parameters &, A5, A, , may be used for estimation of other material characteristics. In
the range of a monodisperse distribution of plate dimensions and not too thick plates,
average plate thickness is found in the form

cdoe /—<d2>:\/EZE{P{Z—&?)Z+[136—368§+24§2J22
A A

30 12600
(36)

(10123954 £+5076 £2 - 2133 &2 _
378000
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and the degree of crystallinity

m[ 1 J{“ In[l—Jom]}
E<d>_ (1-J,(4) In[1-J,,,(4)]

B 3 |, &Inf1-J,(4)] 37
245\/1—4{1 L~ J,(2)] 0

_ _ 2
|q,8+36, 1040-220£-332¢7 ,
30 12600

X

N

7. Final remarks

It has been demonstrated that the light depolarization technique, as it is currently
used for following polymer crystallization, does not yield reliable information about
the degree of crystallinity or crystallization rate. First, the depolarization ratio is not
proportional to the average retardation function of a single crystal plate, D. An exact
non-linear relation derived in ref. [19]

21 1 2
J, = L V\=1-e¢" =DE-=(DE) +.... 38
0 <|”+|l> 2( ) (38)

reduces to the linear expression only in the limit of infinitely small DE. There is
enough experimental evidence (see Figs, 5-7) proving that actually observed depo-
larization ratios often exceed the linear range. Second, depolarization variable, DE, is
not a unique function of the crystallinity but depends also on the average crystal
thickness and crystal size distribution. In the limit of monodisperse plate size distribu-
tion and thin enough plates, DE reduces to the product of crystallinity and average
plate thickness

DE - 0:DE=const x<d > (39)

Table 1. Measurement conditions and structural characteristics

Wave- Intensity
Angle Angle length measure- Depolarization ratio chigfgrjirstalics

¢ A ment

/2 0 /11 |J_(0, /11) 2l (0, ﬂl)
Jo(h) = oA

o | o| a | yow | M Loaen0m | DPEW

2 | w4 v 1, (n/4, A7) 21, (nl4,4,)
J =

0 | w4 A (w4, A | ™ %) | (W4, A4)+1, (x4, 4) DE.S
/2 0 /12 |J_(0, /12) JO()LZ) _ 2|J_(O,ﬂ.2) DEa/lz),

0 0 A 1,(0, 42) 1,(0,4,)+1,(0,4,) D, E, <d>, x
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An extension of the theory of compensators onto statistical systems [19] provides
atool for studying the material structure. Variation of sample orientation with respect
to the axis of the polarizer (angle %) makes possible analysing samples with non-
random crystal orientation distribution. Depolarization measurements performed at
two different wavelengths may be used for decoupling of the variable DE and obtain-
ing independent information about the average retardation function, D(4,), average
number of plates in the light path, E, average plate thickness, <d>, and the degree of
crystallinity, x.

Six intensities presented in Table 1 enable a complete decoupling of the character-
istic DES. The measurements require application of two different wavelengths and
two different sample orientations.
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