Polymer Physics Chapter 9

Chapter 9. Chain orientation

9.1 Introduction

Anisotropic property of polymer :

strong covalent bonds along the chain axis
weak secondary bonds in the transverse directions
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9.2 Definition of chain orientation

Average end-to-end distance

<r>0=C\/ﬁI

C : constant depending on the segmental flexibility
| : bond length

n : number of bonds

Fully oriented molecule, r_ =nl

.. Strain to reach the completely aligned state

A:i:% = 17T with VM
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* Hermans orientation function, f

y

Figure 9.4 Chain segment and coordinate system.

Polarizability :

P, = p1COSZ¢ + pZSin2¢
Py = Py + (pl - pz)Sin2¢COSZV

Lorentz-Lorenz equation :

nijz -1 B 47
nij2+2 3

Pij

Pij can be converted to Nj
Pij : polarizability tensor

n;j : refractive index tensor
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Birefringence (An): An=n,, —n,,

Average refractive index (n), (n)= %(nxx +n,, )

7 6(n) 3

Hermans orientation function :

2
An  3(cos“¢)-1
f = = < > < for 3-dimensional
Ang 2

= 2<0082 ¢> -1 < for 2-dimensional

Ang : maximum birefringence

T T

2
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¢ For 3-dimensional orientation,

f =1 (parallel), -0.5 (perpendicular), 0 (random) - Fig. 9.5

For 2-dimensional orientation,

f =1 (parallel), -1 (perpendicular), 0 (random)

U L

m—- )

f=1

f=-1/2

f=0

Figure 9.5 Values for the Hermans orientation function for three simple cases. The director (D) is shown for each case.
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Ex)
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two-dimensional orientation, (a) f=0.6, (b)f=1,(c)f=0
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* Birefringence
An=Ang +Any +An; +An,

where, An; : form birefringence (occurs only in multiphase systems)

Ang : deformation birefringence (may cause stresses in bonds)
An; + An, : orientation-induced birefringence (originating from
the crystalline and the amorphous components)

If orientation is uniaxial & both form and deformation birefringence
can be neglected,
An = An, + Any = Ang[w, f. +(1-w,)f,]
w, : crystallinity

f., fy: fofcrystalline and amorphous components
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Birefringence measurements
= " polarized light microscope "

Compensator
-- optical retardation (Rs;)

Movable

Figure 9.8 Babinet compensator which consists of two
quartz wedges with crossed optical axes.
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45°
Analyser
3l M Compensator
e Sample
Polarizer
45°

Figure 9.9 Optical system for the measurement of
orientation in the plane.
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In-plane birefringence (An=ny —ny),

_Raid
d

An

A . wavelength of the light
d : sample thickness
Thinner sample(<100m) can be measured by white light source

(visible light : wavelength from 400 nm (violet) to 750 nm (red))
< semicrystalline polymers

Clear amorphous polymers = thick sample = Jt S

Color as a function of optical retardation = "Michel-Levy chart"

L &)1 2 sample (ex, mm S JH 2| PE) — far infrared interferometry 2

—

izt
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9.5 Chain orientation by processing

eck

. N
* Solid-state processes e

Cold-drawing

- Cold-drawing

- Solid-state extrusion

—_—
- Rolling J

Solid-state extrusion

X:in . draw ratio ’
Ly, A

Rolling
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For semicrystalline polymers,
- deformation of spherulite structure
- spherulite — fibrillar structure

- plastic deformation of the fibrillar structure

Crystal thickness (L, ) of the fibrous polymer

AT : degree of supercooling
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* Liquid processes

- molding (Fig. 9.19 : microstructural layer of a 3 mm thick injection molded ruler)
- spinning (melt-spinning, solution-spinning), etc.

— Core E=3 GPa

" shear flow "
0.75

fout
@
)
=
s
@ &
: .
§ 050 F Shear zone [E-14 GPa elongational flow
-
b
]
2
5 0y
& => Relative thickness of microstructural
0 Oriented skin E=16 GPa layers of a 3mm thick injection-
0 50 100 150 200 molded ruler of a liquid-crystalline

polymer
Distance from gate (mm)
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9.6 Properties of oriented polymers

Axial elastic modulus for a few polymers

Table 9.1 The maximum elastic modulus at room tempera-
ture of a few selected polymers

Polymer Elastic modulus (GPa)
Polyethylene 240~-360
Isotactic polypropylene 42
Polyoxymethylene 54
Poly(ethylene terephthalate) 140
Polyamide 6 250
Diamond 800
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Elastic deformation (comparative values) of a single molecule occurs by

- bond stretching 100
- bond-angle deformation 10
- torsion abouta o bond 1

ex.)

Diamond : 3-dimensional covalent-bond structure & stretching
PE, PAG : all-trans form (fully-extended) < stretching and deformation

IPP, POM : helical conformations <& stretching, deformation and torsion
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Al

Bond angle
deformation

Torsion

Figure 9.20 Deformation of a polyethylene molecule by bond stretching, bond angle deformation (both left hand
side) and torsion about the ¢ bond linking carbons 2 and 3 (right-hand side).
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Table 9.2 Summary of relationships between chain orientation and a few selected

properties
Property Relation Other relations
Birefringence (An) An = Anyf Hy — n; = A”o(f — ‘%)

Thermal expansivity

(o)

Thermal conductivity

(A)

Elastic compliance (])

Uniaxial orientation®

Linear expansivities:*
— 2

oy = 0 — 50, — ogf

o) = 0 + 3o — og)f

Uniaxial orientation

1
i - _1_ — % Acz f
e T

A‘cl
Uniaxial orientation®
Wy
Jo

Uniaxial orientation
simplified formula;
small/medium f values

Hy — ¥y = Ano(f + %)

n, —n, = Anyg
Biaxial orientation®

Volume expansivity:
o, = oy + 20; = const.

|
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}’CD h

1
;{'c_l_
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1
}'cl
Uniaxial orientation

For ultra-oriented
polymers: good
correlation only with
draw ratio




