Chapter 3

MORPHOLOGY AND ORDER IN
CRYSTALLINE POLYMERS



Polymer Solid State

Temperature

* What isthe arrangement
of the chainsin the
crystalline domains and
the morphology of these
crystal?
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Polymersyield X-ray diffraction patterns?

* In 1920s, it was found that some polymers
did yield x-ray diffraction pattern!

* Metals and inorganic salts exhibit well-
defined patterns

* Polymers produced only afew broad Bragg
diffraction peaks pattern

« Small, relatively perfect crystallites existed
IN an amorphous matrix



Bragg'sLaw
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Schematic diagram for determining Bragg's law

nA=2dsing, n=1,2,3...
A :wavelength

6 :Angle between x-ray beam

n :Any whole number



Fringed micelle model

« X-ray deffraction showed their dimensions to be
on the order of several hundred Anstroms

* The crystallites were though to serve as
mechanical crosslinks and to affect the physica
properties in much the same way as chemical
crosslinksin vulcanized rubber



Crystallographic structures of polymers
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Configuration: defined in terms of its chemical
repeat unit and a statement of molecular
architecture

Local conformation: refer to geometrical
arrangements of neighboring groups in molecule,
which can be altered only by rotation about
primary valence bonds

Molecular packing: refer to the arrangement of the
molecules in the crystal in terms of unit cell and
Its contents



 Asyou can also seein
the picture, asingle
polymer chain may be
partly in a crystalline
lamella, and partly in the
amorphous state. Some
chainseven start in one
lamella, crossthe

amor phousregion, and
then join another lamella.
These chainsare called
tie molecules.



Asyou can also seein thepicture, a single polymer
chain may be partly in a crystalline lamella, and
partly in the amorphous state. Some chains even
start in one lamella, cross the amorphousregion,
and then join another lamella. These chainsare
called tie molecules.

No polymer iscompletely crystalline. If you're
making plastics, thisisagood thing. Crystallinity
makes a material strong, but it also makesit brittle.
A completely crystalline polymer would be too

orittleto beused as plastic. Theamor phousregions
give a polymer toughness, that is, the ability to bend
without breaking.




* Amor phousness and Crystallinity

Areyou wondering about something? If you look at
those pictures up there, you can seethat some of the
polymer iscrystalline, and someisnot! Most
crystalline polymers are not entirely crystalline. The
chains, or partsof chains, that aren't in the crystals
have no order to the arrangement of their chains.
They arein the amorphous state. So a crystalline
polymer really hastwo components:. the crystalline
portion and the amorphous portion. The crystalline
portion isin the lamellae, and the amor phous potion
Isoutside the lamellae. If we look at a wide-angle
picture of what a lamellalookslike, we can see how
the crystalline and amor phous portions are arranged.



Three factors that influence the degree of
crystallinity

« Chain length
 Chain branching

* Interchain bonding



Thefringed micelle model
B R

« Themolecules passed
successively through a
number of thesecrystalline
and intervening amor phous
region

» Thecrystalliteswere
pictured as sheaves of

chainsaligned in a parallé
fashion

»  X-ray diffraction pattern
showed their dimensionsto
beon the order of several
hundred angstroms




Arrangement of chainsin unit cell
of Polyethylene

« Parallelepiped(ZX 7+ & 1)
with axes a, b, ¢ (T dependent)
and anglea, B, ¥

- a=741A
b=4.94A
c = 2.55 A(chain axis)

e (= ﬁ =y= oQe°

« Length of c-axis=
crystallographic repeat unit




Packing in crystal structure of PE
as viewed along the c-axis

* Top view of unit cell

* Theplanesof chain
zZigzag and the plane
containing the
consecutively folded
chain are shown as
they passthrough
the unit cdll




Packing of Nylon 66 moleculesin

triclinicunit call= 2z

|ts crystallographic repeat
unit (g2 £ ¥

= )correspondstoits
chemical repeat unit(i £ ¢
WE )

|ts conformation is
essentially planar zigzag(-=
7 454 7] )

L eft(-form) isthe most
Interesting feature of this
crystal structurewhich
dominatesthe properties
of Nylon 66



Molecular confor mation of polyethyleneterephthalate
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* ltsconformation isnearly
a planar zigzag with the
benzeneringin the plane
of the zagzag. As shown,
thereissomedistortion
along the axis of the chain

asthe-—-CO-(CH,)-CO-

group make a dlight angle
with axis by rotation about
thec-obond in order to
allow for close packing




Polyethylene terephthalate

FET aolp-phanyarstsraphthelat s



Molecular packing of polyethyleneterephthalate

 Unit cell of PET

« a=456A oa=90°
« b=594A pB=118°
« ¢=10.75A y=112°




Projection of the monoclinic unit cell (& & & #)
of polypropylene along the chain-axis

* | sotactic polypropylene can crystallize under nor mal
conditionsin two for ms(hexagonal & monoclinic), both
with a conformation of 3 unitsin oneturn



Single crystalsor linear PE

« All polymer single

vk Crystals seem to have the
same general appearance
and structure. In ther
simplest form, they
appear in the electron
microscope asthin, flat
platelets on the order of
100 to 200 A thick and
several micronsin
later al dimensions




Single Crystal Lameliae

------




Folded Chains

Most polymers don't stretch out fully, like

this. Instead, they fold hack on themselves
after going straight for a short distance, like
this.




Polymersform stacks of thesefolded chains. Thereisa
picture of a stack, called alamella, right below.
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They can fold, and they can stack. A stack of polymer chains
folded back on themselves like this is called a lamrelic.



Of course, it isn't always as neat asthis. Sometimes part
of achainisincluded in thiscrystal, and part of it isn't.
When this happens we get the kind of mess you see below.
our lamellaisno longer neat and tidy, but sloppy, with
chains hanging out of it everywherel

Sometimes a polymer chain is indecisive, and
part of it is in the crystalline lamella, but part
of it stays outside the lamella, in the
amorphous region.




Of course, being indecisive, the polymer chains will often
decide they want to come back into the lamella after
wandering around outside for awhile. When this happens,

we get a picturelikethis:

S N L T S T =t e T S

These lamellae have chains that go out for awhile, then come back in.
Un the left, the chain re-enters the lamellae right next to where it left.
{n the right our outgoing chain comes back in some distance away from
where it left. Both are possible. These two pictures hoth show what is
called the switchboard madel of a polymer crystalline lamella.



The Flory
Switchboard Model

Regular Folding Chain
(Adjacent Re-entry)

Imegular Chain Folding
{Random Re-entry)




The Flory Switchboard Model




Model of fold planeillustrating chain folding with

Imper fections which may occur in the structure
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« Electron-diffraction studies of these crystalsindicate
that the polymer chainsare oriented perpendicular to
the plane of the lamellae. Sincethe crystalsare only 100
A or sothick and the polymer chainsare generally on
the order of 1,000 to 10,000 A long, the chain must be
folded back and forth on themselves




Fold packing in a PE single crystal

* Top view of an
Idealized model of a
diamond-shaped PE
single crystal,
showing its skeletal
structure as viewed

Solution Crystallization: Chain Folding along the c-axis

. \
& I » Sideview showsthis
appru.\'. 15 um -< fold plane
b
Chain ais /
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The morphology of polymers
crystallized from the melt

* Polymers crystallized from the melt seem to
maintain the two most prominent structural
features of single polymer crystals:
aggr egates of 100 A-thick lamellae of
different degree of perfection are
observed, and the chains are oriented
perpendicular to the face of the lamellae
so that chain folding must also be
Inherent in melt-crystallized materials



Lamella grow like the spokes(#g i) of a bicycle wheel from a central
nucleus. (Sometimes scientistslike to call the “spokes” lamellar fibrils.)
Thefibrilsgrow out in three dimensions, so they really look morelike

spheresthan wheels. The whole assembly iscalled a “spherul ite”

IE b In a sample of a crystalline polymer weighing only a few grams
there are many billions of spherulites.

lamellar fibnls

a polvimmer crystalline spherulite



Spherulite(zk £ )of alow density polyethylene

crystallized from a molten thin film as observed
between crossed polarizers

e Thecharacteristic
M altese-cross

patterns g v 2 <
resultsfrom the
birefringent nature of
the polymer film

8"~ . Crystal growth can be
' observed If atemp-
controlled mounting
stageis used







PP dpphprwiliy growe from &
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Structure of a spharuliic



Initial growth of Spherulites

Hadrewe from DO, Brssar, Principes of
Folpmar borphoingy, Cambridoe

R -

- The initial development of spherulites depends on how they are
nucleated (homageneous vs, heterogensous )

- Same appear To develop from single crystal lamellar type structures

- Others show a sheaf-like stage that begins with a fiber-like structure



Initial Stages of Spherulite Growth




Seguence of growth of spherulites
In polypropylene

 Thesampleisfirst
heated aboveitsTm
and then super cooled
by 10 or 15°C

* Rateof crystallization
can be measured from
such micrographs by
comparing the area
occupied by the
spherulitesto thetotal
area




Surfacereplica of a portion of alinear
polyethylene spherulitest & % & 45 4

T s

 Thespherulitesare comprised of ribbonlike lamellae
which grow radially from a central nucleus

 Thelamellaeare parallel at the nucleus, but asthey
begin to grow outward, they diverge, twist, and branch
to form an overall structure being radially symmetric
spherulite



Tapping Mode Atomic Force Microscopy:




|nterlamellar ties g » e 2

Boundary region between spherulite grown
at 95°C in a PE fraction

* Thelinksarehighly
oriented and strongly
anchored to the
neighboring lamellae

* Theselinksshould
P0Ssess considerable
strength







PE Crystallized under Pressure

e Fracturesurfaceof a
polyethylene spherulite
center

e At about 5000 atm and a
T.at 236 °C, the density
~0.997

* All molecules crystallize,
not in afolded fashion,
but in paraffinlike
crystalsin which the
chains are fully extended




Annealing Polymer Crystals

Thicknessincrease from 100 A

to~200 A during annealing

« Annealing aformed crystal

Is accomplished by
maintaining the crystal at a
T aboveitsTc

Upon annealing, extensive
remelting and
recrystallization take place
and lead rapidly to a
severalfold increasein the
fold period of lamellae

A single crystal of linear PE
crystallized from

per chloroethylene solution,
then annealed for 30 min at
125°C, 10° below T



Orientation and Drawing

* No preferred orientation of crystallites or
molecules when bulk polymer iscrystallized in
the absence of external forces

* Thecrystallites and molecules become oriented
If It Issubjected to an external force, such as

mechanical drawing

* Thepolymer isstronger in the draw direction
than in any other direction, and it will be
weakest in directions 90 deg to the draw
direction



Effect of tenslle stress on molecular
configuration

{c) Continued stress; molecular slippage occurs.




X-ray diffraction patternsfor (a) unoriented and
(b) oriented polyoxymethylene




Schematic illustrating the necking process
In acrystalline filament

.  Many crystalline polymers,
¢ ) such asfibers and films, are
WP Ra:diops 3 oriented.

* Filmscan be biaxially

| ~ G oriented

Q)% thoo Bl R » 7 4 [ 55 |

Orientation can be
by . . accompl_lshed by_
* SN mechanical drawing or

(B) i B (S T 90 ) BRI rolling

 Drawingisliableto
Increase the crystallinity




Two suggested modelsfor an oriented polymer
R

Ll

{a) (b)

* (a)lnterlamellar amorphous model for an oriented polymer
(b) Fibrilsin drawn crystalline polymer

* (a)isappropriatefor polymersbeng hot drawn or annealed
after drawing at RT(cold drawn) Cold drawing by itself
causestheoriginal lamellaeto break up into blocks
accompanied by the formation of long fibrils






Crystallinity and inter molecular forces

| ntermolecular forces can be a big help for a polymer if it
wantsto form crystals. A good exampleisnylon. You can
see from the picturethat the polar amide groupsin the
backbone chain of nylon 6,6 are strongly attracted to each
other. They form strong hydrogen bonds. This strong
binding holds crystalstogether.

0 H O H 0
“NJ\/\/\“/ILIWNJ\/\/\“/P&WNJ\%
H 0 H 0 H
0 E 0 11}1 i
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In nylon 6,6, the carbonyl oxygens and amide hydrogens can hydrogen hond
with each other. This allows the chains to line up in an orderly fashion to form

fibers.



Polymer Chains

In fact, very few polymers can stretch out perfectly
straight, and those ar e ultra-high molecular weight,
and aramids like Kevlar and Nomex. M ost polymers
can only stretch out for a short distance before
they fold back on themselves.

For polyethylene, thelength the chainswill stretch
beforethey fold isabout 100 angstroms.



How Much Crystallinity?

Remember we said that many polymers contain
lots of crystalline material and lots of

amor phous material. There'sa way we can find
out how much of a polymer sampleis

amor phous and how much iscrystalline. This
method is called differential scanning
calorimetry(DSC)(will be discussed in next
chapter).
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For making fibers, we like our polymersto be as
crystalline as possible. Thisisbecause afiber isreally

along crystal.

Many polymers are a mix of amor phous and
crystallineregions, but some are highly crystalline and
some ar e highly amorphous. Here are some of the
polymersthat tend toward the extremes:.

Some Highly Crystalline
Polymers:

polypropylene
Syndiotactic polystyrene
Nylon

Kevlar and Nomex

Polyketones

Some Highly Amor phous
Polymers:

Poly(methyl methacrylate)
Atactic polystyrene
Polycar bonate
Polyisoprene

Polybutadiene



Why?
So why isit that some polymersare highly crystalline
and some ar e highly amorphous? There aretwo

Important factors, polymer structureand intermolecular
for ces.

Crystallinity and polymer structure

A polymer'sstructure affects crystallinity a good deal. I f
It Isregular and orderly, it will pack into crystals easly.
If not, it won't. It helpstolook at polystyreneto

under stand how thisworks.

—tCH—CH—

polystyrene



Polyesters are another example. Let'slook at the
polyester : poly(ethylene terephthalate)

0 0

4ot —|@>/—1(ILL—U—CH2—CH2—IE

The polar ester groups in this poly(ethylene terephthalate)
hold the polyester into strong crystals.

Thepolar ester groups makefor strong crystals. In addition,
thearomaticringsliketo stack together in an orderly
fashion, making the crystal even stronger.



Polyethylene isanother good example. |t can be crystalline

or amorphous. Linear polyethyleneisnearly 100%
crystalline. But the branched stuff just can't pack the way

thelinear stuff can, soit ishighly amorphous.

—

linear polyethylene branched polyethylene



Asyou can seeon thelists above, there are two kinds of
polystyrene. Thereis polystyrene, and thereis

polystyrene. Oneisvery crystalline, and one
ISvery amor phous.

e G I G .
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syndiotactiec  atactdc
polystyrene polystyrene

SEyndiotactic polystyrene has a regular structuare, so it can
pacl into crystal structures. The irregular atactic polystyrens
cant.



Order and disorder molecular chains

Syndiotactic polystyreneisvery orderly, with the phenyl
groupsfalling on alternating sides of the chain. Thismeans
It can pack very eadlly into crystals.

But atactic styrene hasno such order. The phenyl groups
come on any which side of the chain they please. With no
order, the chainscan't pack very well. So atactic polystyrene
ISvery amor phous.

Other atactic polymerslike poly(methyl methacrylate) and
poly(viny!l chloride) are also amor phous. And as you might
expect, stereoregular polymerslikeisotactic polypropylene
and polytetrafluoroethylene are highly crystalline.



Transcrystallization of iIPP on
Pitch-based HM Carbon Fiber




SEM of IPP on Pitch based HM
carbon Fiber
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Transcrystallization of iPP on PTFE substrate




Transcrystallization of IPP on anodized Al
substrate




