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4. Condensed State Structure

= Contents: ~10 hours

4.1 Basic ideas of condensed state structure
4.2 Polymer macro-conformation
4.3 Crystalline structure
Objective:
to establish the idea of polymer morphology
= Requirement:

random coil, crystallites, macro-conformation
of polymer
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4.1 Basic ideas of | Keypoint

!-| condensed state structure

4.1.1 Concept

= Sometimes, condensed state structure of
polymer is called the super-molecular
structure. That is, how the polymer chains
arrange themselves when they meet
together.
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Comparison between the condensed state structure
of small molecules and polymer

Small molecules Macromolecules
Crystalline Crystalline
state state
liquid state liquid state
gaseous state gas@ate
- Liquid-crystalline state Liquid-crystalline state
Transition
state
Glass state Glass state
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4.1.2 Interaction between
polymer chains

= A. Van der Waals forces (E#&4/])
= van der Waals forces: dispersion

forces
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An instant later,
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As long as the molecules are close together this

synchronised movement of the electrons can occur over
| huge numbers of molecules.
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3 B. Hydrogen bonds

Intermolecular
H-bonds
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o

e NH—— C wow

Intra-molecular H-

bonds

HO

Fig. 4-1 illustration of hydrogen bonds
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4.1.3 Isolated chains to
condensed state structure

Semi- Ultra
Ultra dilute dilute condensed condensed condensed
solution solution solution solution solution
c, c c, c
- = S S, . =
About 102% About 101% About 0.5-10% About 10%
v Physically Inter-
fsolatediefiall COnact crosslinked penetrated

between chains T T

Vo
=

 Condensed state of single chain = Condensed state of multiple chains
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4.1.4 contents of condensed

,_: state structure

= 1. non-crystalline structure
= 2. crystalline structure

= 3. liquid-crystalline structure

= 4. condensed state of single chain
= 5. orientation structure
= 6. textile structure
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4.1.5 Cohesion energy
density (REREERE)

= COHESION ENERGY is m CED -- Cohesion
defined as energy used  energy located in one

to overcome the unit volume is called
intermolecular force and CED

evaporate one molar
aggregated molecules.

AE =AH - RT
AHv — Evaporation Heat per mole,

\/  Volume per mole
RT - Inflation Work
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i Table 4-1 CED for linear polymers

polymer CED (J/cm3) polymer CED (J/cm3)
PE* 259 PMMA 347
PIB 272 EVA 368
NR 280 PVC 380
PB 276 PET 477
SBR 276 I PA-66 773
T PS 305 PAN 991

ERVINSRSR, p90
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Table 4-2 Comparison of polymer with different CED

CED polarity interaction | flexibility usage
CED Non-polar Weak Soft Rubber
< 300 interaction chains materials
CED Polar or Strong Rigid Fiber
> 400 with H- interaction chains materials
bonding
300<CED < middle middle middle Plastic
400 materials

Interaction will determine the strength, thermal stability and aggregation structure,
and further determine the properties and possible usage.

*PE is a easily crystallized polymer and is used as plastics
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4.1.6 Crystalline structure of polymer

r

= Nature of crystallization

What can be inferred
Cl- from this picture?

Na+
Ideal crystals are regularly or

periodically repeating three-

Fig. 4-2 Crystal of Sodium Chloride — NaCl dimensional arrays of atoms.
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!| Crystallization of polymer

The nature of polymer
crystallization is ......

segments regularly
packed up together.

Fig. 4-3 illustration of polymer single crystal
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Wide Angle X-ray Scattering

Sharp peaks are .
evidences of Ilﬂl q
|

enhanced
reflection —
ordered structure

|

A

Sharp rings
are 1
evidences
of B_- - 1 12
enhanced F |
reflection — - om :
ordered b
structure Fig. 4-5 WAXD for isotactic PS

Fig. 4-4 WAXS from PE — highly BRYUNSHESEE,
crystalline sample p96
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Thermal analysis
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Fig. 4-6 DSC for non-crystalline PET thick sheet
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Optical observation

Fig. 4-7 spherulites of polypropylene after isothermal crystallization
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Conformation of chains in

crystallites — Helix
Q. | i

Fig. 4-8 strong repulsion of large substitutes of
vinyl polymer

Wentao Hao, Hefei University of
Technology 19

Fig. 4-9 Helical conformation of chains

Wentao Hao, Hefei University of
Technology 20

Structure of polymer crystals

ST

Fig. 4-10 Ordered 3-D structure of polymer crystallite
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O caton O Hydrogen

Fig. 4-11 Crystal structure of PE
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.1.7 non-crystalline structure

= While polymer is in the liquid, elastomer or
glass state, it is totally non-crystalline

= The feature is that lots of polymer chains
entangled with each other randomly

= The entangled mass — non-crystalline
phase

(ERVNSIRSKRE) , P90-95
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For glassy or rubbery polymer, no crystallinity can be found
and only short-range regularity is presented, then the
diffraction figure will be a diffused halo.

] -
Obtuse peak is | A
evidence of 1
amorphous
structure

e Fig. 4-13 WAXS from PS —
M amorphous sample
Fig. 4-12 WAXD for isotactic PS
Wentao Hao, Hefei University of
Technology 24




4.2. polymer macro-
conformation

4.2.1 introduction

4.2.2 crystallites

4.2.3 non-crystalline regions

4.2.4 Macro-conformation of polymer

Wentao Hao, Hefei University of
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4.2.1 introduction

r

= Condensed state structure is complicated
= Crystalline, non-crystalline, orientation, liquid
crystalline, textile structure......

= Size of crystallite (fidh) is much less than
the length of polymer chains

= 10nm Thickness of crystal compared to the
3000nm length of polymer chain

Wentao Hao, Hefei University of
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Questions arose ...

A. How can long molecules give rise to small crystallites?

B. What are the sizes and shapes of polymer crystallites?

C. How are the crystallites disposed (% &) with respect
to each other and to the non-crystalline material?

D. What is the nature of the non-crystalline material?

E. The directions of the chain axes (4%) with respect to
the crystallite faces.

F. The relationship between the crystallites and the
non-crystalline material, especially the nature of
the crystalline — ‘amorphous’ interface.

Wentao Hao, Hefei University of
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4.2.2 crystallites (#4dh)
Key point

= How can long molecules give rise to
small crystallites? (what do you think?)

= The answer is:

= Polymer chain will be folded in some way
= Fringed-micelle model (BLK—fit R AZA)
= Chain-fold model (¥ &4£424!)

Wentao Hao, Hefei University of
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| 1. Fringed-micelle model
SRR (AR )

history:

An early attempts to inter-relate long molecules, small
crystals and a ‘sea’ of amorphous materials

Proposed by Hermans and others in 1930 according to the
results from X-ray diffraction

Though it is now believed to be incorrect as the
fundamental model for polymer crystallites, but has its
own historical significance

can be applied in some special cases

W TYHE, P58-59
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Results from XRD

Diffused halo,
WS
concentric rings,

[EUR:EN

The crystalline material is not
composed of randomly arranged
polymer chains,

but a mixture of ordered structure
and amorphous structure in the
whole.

Esé;;%mg@ Sk, Fig. 4-14 XRD for POM sample

Wentao Hao, Hefei University of
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The model is ...

Amorphous structure, Ordered
non-crystalline regigns structure,
crystallites

Textbook, p121

Fig. 4-15 Schematic diagram of Fringed-micelle model
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It was supposed that ...

@© crystalline region and non-crystalline region
coexist together #7F

@ Some parallel polymer chains packed up one by
one to form ordered structure F47

@ One molecular chain may pass through several

—_

crystalline regions and non-crystalline regions #
i

@ Generally, the crystalline regions are randomly
oriented & XA

© The non-crystalline regions are composed of
randomly packed polymer chains & X Tc#ii42
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Historical significance

= It explained many results from XRD

and other experiments

= Arcs (5X) on the XRD of extended
samples (due to orientation of crystallites)

= Melting temperature range & (due to
the size distribution of crystallites)

= The density of the whole polymer material
is less than the density of pure crystals
(calculated from unit cell)

Wentao Hao, Hefei University of
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Arcs on the XRD of extended samples

~ 4 LY

\ Arcs, depriving

from rings

Due to the
orientation of
crystallites

(REMLH SR
Fig. 4-16 XRD for uniaxially oriented POM sample pos8
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Melting temperature range

VG
VG

(b)

Fig. 4-17 Melting of crystalline polymer (a) and small molecules (b)
(W5 FHE) , p8s Back to page 82

Wentao Hao, Hefei University of
Technology 35

2. Chain-fold crystallites
|

= Time: 1938 = single crystals, found in

= Proposer: Storks
= Experiments:
= gutta percha of 27nm thick
= electron diffraction
= Results:
= Large size of crystallites
were observed
= the chain axes were normal
to the plane of the film.
= Conclusion: .
= The only possibility was
that the chains fold back
and forth upon themselves ®

early 1950s, thickness of 12 nm
= chain axes found to be parallel
to the thickness direction of
these lamellar crystals,
= by Keller, electron diffraction
crystallites in melt-down
spherulites of PE and nylon
to be /amellar rather than
fibrillar, in 1957,
= by Fisher, electron microscopy
Great challenge to Fringed-
micelle model!

Chain-fold model
established

Technology 36




Chain-fold model

Chains or
chain
bundles

Fig. 4-18 Schematic diagram shows regular chain-folding with
adjacent re-entry (i)

Wentao Hao, Hefei University of
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Topicl. the production of single cry

stals
from solution ; ;

¥,

= Linear PE was first
used to obtain single
crystals in super-
cooled diluted
solution, e.g. 0.01%
in p-xylene at 70°C.

= Then other polymers
such as POM etc.
were used to produce
Single crystal ina Fig. 4-19 Electron micrographs of single crystals
similar way. of polyethylene crystallized from dilute solution

of xylene:
Technology 38

Topic 2. illustration of solution-grown crystals of
polyethylene

12nm
nuclear

Chains or

chain bundles

1. The thickness of single crystal of PE is only about 12 nm
2. Electron diffraction results — chain axes are approximately
perpendicular to the planes of lamellae
Fig. 4-20 relationship between single
crystal and polymer chains

Wentao Hao, Hefei University of
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Fig. 4-21 illustration of growth of §ing|e crystals 40

3. Switch board model

= Question = Remember

= For the single crystal = Lamellar crystallites can
growing in the ultra- be found in the melt-
dilute solutions, the down crystal
chain-fold model can be = Amorphous phases are
applied. However, for the coexist with crystalline
crystals formed in the structures

viscous melt, it is not

applicable.

How can entangled

molecular chains form

crystals in the melt?

Wentao Hao, Hefei University of
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Switch board model based on Flory’s
random coil theory was proposed

Fig. 4-22 ‘Solidification model’ of the crystallization process

Wentao Hao, Hefei University of
Technology a2




4. Switch board model based on
| Flory’s random coil theory was proposed

E|

Fig. 4-23 Schematic diagram shows switch board model with
non-adjacent re-entry

Wentao Hao, Hefei University of
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4. Switch board model

= Molecular chains enter crystal lattice in a random way

= Adjacent segments in the unit cell may be not the
adjacently jointed segments

= Or they may be not belong to one molecular chain

= One molecule can pass through crystallites and non-
crystalline region back and forth several times

Molecular chain on the lamellae surface are like criss-
crossing of wires on an old-fashioned manual
telephone switchboard

Wentao Hao, Hefei University of
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Amorphous Semi-crystalline  Liquid crystalline
polymer polymer [yrme:
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Fig. 4-25 Crystallizafiqn of polymers 46

4.2.3 Non-crystalline regions
« Non-crystalline regions — are usually called amorphous, represented by
tangled mass of polymer chains rather like a bow! of spaghetti

= Exists in melted polymers, totally amorphous polymers in the glassy or
rubbery states, also as a component of semi-crystalline polymers.

= Non-crystalline regions may sometimes have some kind of organization and
they may certainly be oriented

* They are the component of polymer morphology that is least well understood

Wentao Hao, Hefei University of
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Left: the bundle model Right: the random coil model

Fig. 4-26 proposed structure for the non-crystalline regions

Wentao Hao, Hefei University of
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1. the bundle model

= High packing density of
non-crystalline region —
85~95% of the
crystalline material

= It was supposed to be
the existence of short-
range ordered structure

"B (FHFHE) p66
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1. the bundle model

= However, the results from SAXS experiment did
not support such hypothesis

= Because electron density was the same
everywhere

= There is no difference between the postulated
bundles and the rest regions

= Such a model is not perfect

Wentao Hao, Hefei University of
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2. The random coil model

= Computer modeling has
shown that randomly
coiled chains can pack
together at the required
densities

= in agreement with the
Flory theorem.

= So that, random-coil
model for un-oriented
non-crystalline material
become more and more
popular.

Theorem — SEZH, ¥M
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4.2.4 Macro-conformation of
m polymer

(. "

LS

Chain-folded "m"mlww.— —
B

A

Chain-extended

D=A+B+C

wwwww

Intermediate - A+

FREZAN

morphous

textbook p129
Fig. 4-27 Schematic representation of the macro-conformation of
polymer chains
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Fig. 4-28 the tunnel folding-chain
model 53

3 4.3 Crystalline structure

= 4.3.1 crystalline morphology

= 4.3.2 Crystallization and melting
= 4.3.3 Crystallization capacity

= 4.3.4 Crystallinity

= 4.3.5 Crystallization to property

Wentao Hao, Hefei University of
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4.3.1 crystalline
morphology

1. Spherulites

. .

Fia. 4-30 Sketch of spherulites
Fig. 4-29 spherulites of isotactic e same speed
polypropylene 55

Figure 4-31 illustration of growth of spherulites

Being found in very many polymers crystallized from melt

Wentao Hao, Hefei University of
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| First observation

= The spherulites
consists of ‘fibrils’
growing out in a
radial direction

= It suggests that the
fibrils probably
branch at fairly
small angles as they
grow outwards

Fig. 4-32 Bundle-like crystal of Nylon
spherulite during the early period
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: Second observation ('\V’é o4 g
Maltese-cross i \'X
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Fig. 4-33 lllustration of growth of spherulites
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amorphous
polymer
Lamellar
stacks
crystalline
lamella

It was supposed that the orientation of the

Lo Lamellr
crystallites within the spherulites is related | UJ!I“I[”“H[U’ |I‘ﬁi i
to the radial direction :\ﬁ‘r{& 2 L —
I IIMIMEII
Fig. 4-35 Bt
What're the s U
spherulites =
like?




EAF 0 E R HRDRDB IR R Aot Ahi e Bk, —K A RkBE
RBBE, EATBAHEL AHRDFOBEL—FTAL, —RBHRAELEH
ATHRBE, RARIH, PRARCKEMNEZANRIEL, CTNHLLT
LA FAELTRAY I RS A, §TEANSFQLIHRTRE, XARA
BUHDYGRARTFY, SREFL—RORELERAATFIAL, SRE
BR[O RHYATRABIEERABREEILSTHNRRE. HH— - '

R, REDAYBRRAENA LK. Fig. 4-36 illustration of shish-kebabs

B 2-14 &SR o N ot e
Schematic figure for shish-kebabs 3. Extended-chain crystallites
- ;:‘;Z*:::gi?ﬁyaxhgﬁnem"y = Extended-chain crystallites can be obtained
crystallization occurs under from only a few polymers like PE, PTFE using
strain special crystallization techniques
- i"n',s'{‘;‘lf;‘;; o = Extended-chain PTFE — slow crystallization
is stirred or flows. from melt

= PE — from melt under elevated pressure

Shish-kebabs — $25 & |

Fig. 4-37 sketch of shish-kebabs

Wentao Hao, Hefei University of Wentao Hao, Hefei University of
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Summary of crystalline
morphology

1. Single crystal — in ultra-dilute solutions

2. Spherulite — in melt, condensed solutions

3. Shish-kebab — under strain

4. Extended crystal — extremely high-pressure

Fig. 4-39 Extended-chain crystallites of
Polychlorotrifluoroethylene

1.00 um

Fig. 4-38 Extended chain crystals of
polyethylene crystallized on graphite
substrate

Wentao Hao, Hefei University of Wentao Hao, Hefei University of
Technology 65 Technology 66




4|.3.2 crystallization and melting

"= The previous sections
) = focused on description of the morphological features, on what
had been observed
= The present section
= focused on why some of the observed features are as they are,
and at what rate they appear
= It Involves ......
= The melting temperature Tm
= The factors determining the overall crystallinity achievable
= the rate of growth of crystallites
= Factors affecting the fold length in lamellar crystallites

Wentao Hao, Hefei University of
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1. Melting temperature or
melting point

= Generally, the melting point is defined as the
temperature at which the change of Gibbs
free energy per unit mass is zero.
= AG=AH-T,AS=0
= AH-—the increases in enthalpy per unit mass
= AS—theincreases in entropy per unit mass
= T,= AH/AS

Gibbs free energy — ¥ ¥ & sa st

Enthalpy — #&; Entropy — &

Wentao Hao, Hefei University of
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Examples
= High AH, low AS, results in high T,

= Polyethylene,
= weak intermolecular force, low AH
= high flexibility, high A'S
« T,=418K

= Nylon-6,6
= hydrogen bonding, high AH
= similar chain flexibility, same A S
« T,=543K

Wentao Hao, Hefei University of
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Approximate equilibrium melting points of some
commonly used polymers

Polymer

Melting point (°C)

Polyisoprene (cis form)

28

Poly(ethylene oxide)

66

Polyisoprene (trans form)

1,2-polybutadiene (isotactic form)

Polyethylene (linear)

1,2-polybutadiene (syndiotactic form)

Polypropylene (syndiotactic form)

Polyoxymethylene

Polypropylene (isotactic form)

Poly(vinyl chloride)

Polystyrene (isotactic form)

Poly (vinyl alcohol)

Nylon-6

Poly(ethylene terephthalate)

Nylon-6,6

Polytetrafluoroethylene

Polyacrylonitrile (syndiotactic)

Wentao Hao, Hefei University of

2. T, talking more

= The T, mentioned above is the equilibrium
melting point T,

= If the lamella is infinitely large and perfect,
the melting point will be equilibrium melting
temperature T,.°

= Usually obtained by extrapolation

equilibrium melting point T, 0 —
FERER

Wentao Hao, Hefei University of
Technology 7
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Fig. 4-40 How to determine the equilibrium melting point Tm°
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* 3. T,, and size of crystallites

= For smaller crystallites, T, will be less
(?)

= For polymer material, size of crystallites
are not the same; distribution exists.

= Fixed melting points are replaced by
melting temperature range

Wentao Hao, Hefei University of
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3. T,, and size of crystallites

Wentao Hao, Hefei University of
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Thompson-Gibbs equation — relationship
* between T, and thickness of lamellae

where [ is the thickness of the lamellae
o is the surface free energy per unit area

Ah is the increase in enthalpy per unit mass on
melting for an infinitely thick crystal

The larger /, the higher the T

Or it can be said, the better the perfection of
the crystal, the higher the T,

Textbook, P139

Wentao Hao, Hefei University of
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4. Is the melting process of polymer different
from that of small molecules?

Y w ” -
o (@) HEEBA L RAE;
; (b) 130°CL 40K G EBWANHIBRAE
: gow =
3 H
:gaw ® e
' 098! o ,,
093 Load
W0 w10 ] 0 @ T
T e
RO-MR_E BRRTH
Fig. 4-41 examples of polymer melting (BT |
Wentao Hao, Hefei University of p85
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What can be inferred from the
previous page

Under very low heating rate (1°C/24h), the
melting process of polymer is like that of small
molecules — a jumping process — an absolute
melting point can be seen

2. The larger the crystallites, the narrower the
melting temperature range, the higher the
melting point

3. In fact, the melting process for polymer and
small molecule is the same in nature — they are
all thermodynamic first-order phase transition

Wentao Hao, Hefei University of
Technology 78




5. Kinetics —
The rate of crystallization

= The crystallization rate is depending on
Degree of Supercooling AT
s AT=T,0-T,
= Where T, is the temperature at which
crystallization takes place

Degree of supercooling — % (#8) B

Crystallization rate —
Temperature Relationship

m AG, = AH-T,AS,
= AG,=AH-T,’AS=0
s AG, = AH(T,0- T)/T,?

=AH-AT/T,’
« T.',AT!, AG,!
= More favorable for crystallization

Wentao Hao, Hefei University of
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T, — &REE
Wentao Hao, Hefei University of
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Fig. 4-43 the maximum rate of crystallization

Wentao Hao, Hefei University of
Technology 82

Nucleation and
crystallization rate

= Crystallization of polymers can be seen as a combination of
nucleation process and crystallite growing process

= Nucleation includes homogeneous nucleation and
heterogeneous nucleation
= Homogeneous nucleation is due to the formation of fibrils of
folded chains in the melt or chain ends
= Heterogeneous nucleation is due to the impurities, crystallite
remains and dispersed solid particles

= crystallization rate = nucleation rate + crystallite growing rate

Homogeneous 4R
Heterogeneous FAfl

Wentao Hao, Hefei University of
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Explanation

N

= At temperature not far below from the T, nuclei forming
rate is low because of the instability of nuclei, the
crystallization rate is low;

= At temperature far below from the T, but near T,
molecular chains will have not so much energy to move,
the crystallization rate is low again.

= So that, there must be a temperature, at which the nuclei
are fairly stable and the mobility of chains is fairly good
too and the crystallization rate reach the maximum.

Wentao Hao, Hetel university ot
Technology 84




6. Avrami equation
—about growth rate of crystallinity

= 1 —vy(t) = exp(-Kt")

Where v, is the volume fraction occupied by spherulites;

= tistime;
= K and n depend on the nucleation and growth
mechanism.

= Suitable for all kinds of crystallization, not only for polymers

= Vs(t) = Vc(t)/ Vc(oo)

=V (t) is the volume-fraction crystallinity at time t

= Ve(t) = Ve(0)[1 — exp(-Kt")]

Wentao Hao, Hefei University of
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b Due to the
secondary
crystallization
V(1) =V (®)[1 - exp(-KtM)] —
L
1V, (D)/V,() = exp(-Ktn)]
L L $
1
-In(1-X)= Kt ~
log[-In(1-X)]= logK+nlogt =
\
For the homogeneous j 193, 4
crystallization, n=4; 1993%, n:',’l'm N N
i
For the heterogeneous ‘g }
crystallization, n=3 M35 R 1000 GEARS lei—108) ® Lo B
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;}.3.3 Crystallization Capability

1. Symmetric structure
2. Regularity

3. Copolymer

4. Talking more
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4.3.3 Crystallization Capability
1. Symmetric structure

(BTN RPN
t—g-c-cfe-Ce—c—c—cfo—ciC-C=0-8 |
= PE (F-4)-4-4-4(-4)
HolCHORH R oW HH H R W

= PTFE Srfrarrrnr
ISR EEERE
= PVDC E
= Any other
samples? PIB, POM, PA, Polyester ......
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4.3.3 Crystallization Capability

2. Regularity
= PS
ASYMMETRIC, = PMMA Randomly
not polymerized
Crystallizable = PVAC NOT
= PP

Stereoregular polymers are
crystallizable

All Cis-PB and All Trans-PB (stronger)
PCTFE (90%), PVOH (weak), PVC (very weak)
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4.3.3 Crystallization Capability
3. Copolymer

= Block copolymer — MAYBE
= PP copolymer

= Random copolymer — usually NOT
= EPR
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4.3.3 Crystallization Capability
4. Talking more

= Flexibility
= PE > PET >PC } Mobility of polymer chains

= Crosslinking

= Branching
= LDPE < HDPE

Regularly pack

Wentao Hao, Hefei University of
Technology 92

4.3.4 Crystallinity

** TR BB SERN R T AT AR

= Polymer morphology is not only
composed of crystalline region and non-
crystalline region (amorphous region)

= Intermediate region exists!

= But we assume the morphology is only a
two-phase model to simplify it ©
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4.3.4 Crystallinity

Degree of crystallinity is always labeled
as x, and usually being simply called
crystallinity.

Volume crystallinity, x, = v /(v, + Vv,)
Mass crystallinity, X, = mJ/(m,+ m,)
Xm = Xv'(pc/ps)

= p—density, s — sample

Wentao Hao, Hefei University of
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Most commonly used methods
to determine the crystallinity

psc = Important !

= The crystallinity obtained
relies on the methods
being used greatly;

T = Every time the crystallinity
being given, the methods
X-ray used must be labeled at

the same time.
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Experimental determination
of crystallinity

=X = (ps - pa)/(pc_ pa)a Why ?

= The density of the sample is usually
obtained by means of a density-

gradient column.
density-gradient column
— B

Wentao Hao, Hefei University of
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—Mm.+m,
* 2TV,
ps(vc +Va): m.+m, = pcvc +paV
psva _pava = pch _psvc

a

Va _ PP

Ve o pi—Pa

X - V, _ 1 _ 1 _ P Pa

PV, W Ve PP po-pn
Ve Ps = Pa
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Question

It has been summarized from many experiments that

p./p,=1.13

Please deduct the following equation

plp, =1+0.13X7
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4.3.5 Crystallization to property

w Bl4-1H AAY L fe RIFGI LR A, LA RARE (¥4
65% THEAa35 % MM ) > A A s I R ALK
#, —AZBREEY -70CHF TR, F—H5ia
iﬁé&%ﬁxmﬁm%ﬁﬁgﬁﬂﬁemmﬁﬁw

w fF: AIERANMERY, A LT EAES T LER
TALHEF| 4, XA A& T EVLSE AT, PTAIFE)
SAREI ROk E R,
5%%5%%%%1%%%%%&&%%%,5%%
i’iﬁ‘kﬁii{%ﬁﬂ}\ Thi dh A%, T Rk BOE A TR A M
p N ﬁ#g&ﬁm&ﬁﬁ%ﬂﬂ ﬂ?m%
amn\#’? FH RRBLERY”. RGLRY LM
AL :NMEU!%, )&L%%a%g
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4.3.5 Crystallization to property

1614-2 HH 4T AT R =T B L B AR K AT 45 5 i

BIR? hH LAIPMMAZ & 92

i AR WA L Bs g4k ik AR, ik dp

BRAALE S, PTAEY. #%Mﬂm%%ﬁﬁk,

sEdhb, FTVAE 69X R RE Y.

1#14-3 KR Z RA LI AL 4 St RS2 5] R

R S, FRR A b 2R B AR S 0h 422

@:m%% ERGM, WTARTHERARTRIER
ST LM 3T AR, BTVA B4 .

ﬁ kﬁ*%&%WKﬁA%7u%mf%Fﬁﬁw
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