CHAPTERS 14/15:
POLYMER STRUCTURES,
APPLICATIONS, & PROCESSING

ISSUES TO ADDRESS...

A What are the basi® micros

A How do these features dic
response?

A Hardening, anisotropy, an

A How does el evated temper a

response compare to ceramics and metals?



POLYMERS

A A polymer is a macromolecule (long molecules) built

(covalently bonded! ' ) of s mal | uni t s

Greek word meros meaning part).

A The small units are repeated successively throughout the
macromolecule chain.

A The smallest unit is the monomer (a single mer unit).

A In turn these long molecules are bonded together by weak
Van der Waals and hydrogen (secondary) bonds, or plus
covalent cross-links.
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POLYMERS

Polymers are materials comprised of long molecular chains. Most polymers are carbon based an

have relatively low melting points.

Nl &

Synthetic fabrics are manmade
Typical plastic extrusion products. copies of natural fabrics.

( ecoamobutes ) Polarizer
Liquid crystals are also polymers. :
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POLMER MICROSTRUCTURE

A Ray £ ipany mers
mer Mer mer
HHH!" HH HC]HCIHCI HCH3HCH3HCH3
Polycthylenc (PE) Polyvinyl chloride (PVC) Polypropylenc (PP)

A C o ¢haih eomfigurations and strength:
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Linear Branched Cross-Linked Network

Direction of increasing strength



The Generic Polymers

The main classes of polymers are:

A Natural polymers
Example: cellulose and protein, which provide the
mechanical basis for most plant and animal life

A Thermoplastics, which soften on heating
Example: polyethylene

A Thermosets or Resins, which harden when two
components are heated together

Example: an epoxy
A Elastomers or Rubbers




Natural Polymers

A Polymers may be natural, such as cellulose, DNA caoutchouc (India rubber).

A Living organisms are mainly composed of polymerized amino acids (proteins)
nucleic acids (RNA and DNA), and other biopolymers.

A The most powerful computers -our brains - are mostly just a complex polymer
material soaking in salty water!

Natural polymer

Composition

Uses

Cellulose

Lignin
Protein

(—CHsO—),
Crystalline

Amorphous.

|l
H O/,

[R]is a radical.

Partly crystalline.

Framework of all plant life, as the main
Structure in cell wall

The other main component in cell walls

Gelatin, wool, silk

Silk fiber is produced by silk
worms in a cocoon, to protect

the silkworm while it
metamorphoses into a moth



Generic Thermoplastics

Thérmoplastic Compesition Uses
Polyethylene, PE I-|| Tubing, film, bottles, cups, electrical insulation,
packaging.
—C—
|
H
Partly crystalline.
Polypropylene, PP H H Same uses as PE, but lighter, stiffer, more resistant fo
| sunlight.
e C—C—
||
H CH,/,
Partly crystalline.
Polytetrafluoroethylene, F Teflon. Good, high-temperature polymer with very low
PTFE | friction and adhesion characteristics, Non-stick
_(|:__ saucepans, bearings, seals.
F 7/
Partly crystalline.
Polystyrene, PS H H Cheap moulded objects. Toughened with butadiene fo
| make high-impact polystyrene (HIPS). Foamed with
_Cl—(l:_ CO, to make common packaging.
H CH;/,
Amorphous.
Polyvinylchloride, PVC H H Architectural uses (window frames, efc.). Plasticised to
| make artificial leather, hoses, clothing.
—C—C—
|
Hod /,
Amorphous.
Polymethylmethacrylate, H CH, Perspex, lucite. Transparent sheet and mouldings.
PMMA [ Aircraft windows, laminated windscreens.
(.
H COOCH,/,
Amorphous.
Nylon 66 (— CHNO —), Textiles, rope, mouldings.

Partly crystalline when
drawn.

Arhermoplasticsare made by adding
t oget hpwlymerizingoe . A
subunits (monomers) to form long
chain. Many of them are made of
the unit:

P
C—C

]
H [R
repeated many times.

Arhe radical R may be hydrogen (PE)
ori CH; (PP) ori Cl (PVC) or
more complicated (as for nylon)



Generic Elastomers (Rubbers)

Elastomer Composition Uses

Polyisoprene }_]i T Natural rubber.
_CI_C=C_$_
||
H H CH; H

Amorphous except at high strains.

Polybutadiene H I-II Synthetic rubber, car tyres.
|
_C_fz?_c_
| |
H H H H

Amorphous except at high strains.
Polychloroprene H H Neoprene. An oil-resistant rubber used for seals.

| |
_(,j_cz(lj_c_

| ]

H H C H

Amorphous except at high strains.

ARubbers are almodihear polymers with occasional crosknked in which at room
temperature the secondary bonds have already melted.
AHoweverthecross i nked provide fimemoryo of
to its original shape on unloading.
AThe common rubbers are all based @mngle structure: Il_]_ }f
with the positiorR occupied by H, CHor ClI. _(lj_(‘jzlc"‘(f‘
H H B 72,



Generic Resins

Thermoset Composition Uses
Epoxy CH, OH Fibreglass, adhesives.
I ] Expensive.

__O_CéHA—(I:_C6H4_O—CH2_CH _CHZ_
CH,

Amorphous.

Polyester (“) O CH,OH Fibreglass, laminates.

| | Cheaper than epoxy.
—€—(CHY—C—0~C— ¥ i
|

CH,OH /.
Amorphous.
Phenol-formaldehyde OH Bakelite, Tufnol, Formica.
| Rather brittle.
_%Hz_CHz_
CH,
Amorphous.

AEpoxy: an adhesive and a matrix for different composites is a thermoset.

AThermosets are made by mixing of two components (a resin and a harder)
which react and harden, either at room temperature or on heating

AThe resulting polymers is usually heavily cris&ed: network polymer!!
AThe crosdinks form during the polymerization of the liquid resin and hardener so the structu

Is almostamorphous.



THE STRUCTURE of POLYMERS:
Hydrocarbon Molecules

AMost polymers are organic, and formed from hydrocarbon molecules

AEach C atom has four e- that participate in bonds, each H atom has one bonding e-

AAttachment of different organic groups to the hydrocarbon backbone offers wide
variety of possible polymers

AExamples of saturated (all bonds are single ones) hydrocarbon molecules

(Of type CnH2n+2)

i
H—C—H
|
H

Methane, CH, Ethane. C,H, Propane, C;H,



Compositions and Molecular Structures
for some C H ,.,., Compounds

Ifm'lin_,"_'r
Naimne Composition Stracture Point (°C)
i
Methane CH, H— (l =H ~164
H W
Q.
H H =1
|| Q
Ethane C,H, H—C “(I‘— H —~88.6 my
o
H H é
(0]
H H H =.
) D
Propanc C3Hy H"'C'T_CIT_(;_ H —42.1 |
H H H
Butane C.H,, : -(.5
Pentane CsHy» ; 36.1

Hexane CeH 4 - g _ 69.0 A




Unsaturated Bonds

Double and triple bonds can exist between C atoms (sharing of two
or three electron pairs). These bonds are called unsaturated bonds.
Unsaturated molecules are more reactive

H H
H—C=C—H
L=
Acetylene, C,H,
H H

Ethylene, C,H,



ISOMERS

Isomers are molecules that contain the same atoms but in a
different arrangement. An example is butane and isobutane:

H

H—C—H
H H H H H H
H—C—C—C—C—h HC—C—C—n
O onon

Butane — C,H,, < Isobutane



The Polymers Chemistry:
Ethylene - Polyethylene

APolymerization: the reaction of the monomers to form the polymer macromol

(a) :';.2 CH;=CH, Monomer
Q0 I_l1
(b) - -C- Activated monomer
o, ( | )
H "2
o © oo |T|
B B _C— :
(c) @ ! ! (|3 Dimer
H 7a
-] 8o -] H
i~ &l i - | Polymer
(d) @ !’ ! ! ( (lj_
H s

Terminator

o @l My

B O b E E O B
"y W NN NN NN

(H) |

(a) The initial monomer;

(b) Under certain conditions (T, P) in the
presence ofatalystthe double bonds break:

H H H H

| |
R-+C=C — R—C—C

' o
forming a highly reactive radical with an
unpaired electron, ready for the linking
(polymerization)

(d-f) the ethylene polymer (polyethylene)
chain is limited by the addition of
terminators(e.g.i OH group).




Number fraction

Molecular Weight (1)

To create a solid with useful mechanical properties the chain must be long !!

One may describe chain length in terms of polyav@arage molecular weight,
which can be defined in several ways:

0.3

0.2

5

10 15 20 25 30 35 40

Molecular weight (102 g/mol)

(1) Anumber-average molecular weight M, :
divide chains into series of size ranges and
then determine the number fraction x; of each
Size range

T” = Z,T! M,

where M, represents the mean molecular weight of
the size range i, and x; is the fraction of total number
of chains within the corresponding size range




Molecular Weight (2)

(2) Aweight average molecular
weight M,, Is based on the weight
fraction w; within the size ranges:

M, =Y wM,

0.3

0.2—

Weight fraction

01—

[ | ]

OO 5 10 15 20 25 30 35 40

Molecular weight (10 g/mol)

Amount of polymer ——

Typical distribution
of molecular weight

Number-average, Z\7In

Weight-average, M,,

Molecular weight ——



Degree of Polymerization (1)

The chain length in a polymer can also be described in terms of a degree
polymerizationn, whi ch represents an average

Again two approaches are possible:

Number average n,: M

where m is a mer molecular weight

Weight-average n,: M

If the polymer is built up of different mer units (copolymer)Tn IS determined from :

m = Z fm,

where f;and m; are the chain fraction and molecular weight for mer J.



P(DP)

Tensile strength (MPa)

Softening temperature(°C)

Degree of Polymerization (2)

P(DP) d(DP)

™\

d(DP)
| |

0 500 1000 1500

DP

30—

20—

10

0

200

100

Polyethylene

L_ No strength

| | |

AverageBP IS simply:

DP= gDPUP(DP)d(DP)
0

where P(DP)d(DP) is the fraction of molecules
with DP values between DP and DP+d(DP).
And the molecular weight, M, is just

M=m®P
wherem is the molecular weight of monomer

Polymer properties depend on average DP.
Example:higher DP highetensile strengthand

0 500 1000 1500
DP
Polyethylene
B
| | B
0 500 1000 1500

melting point!!
Question how one can control DP ?!




MOLECULAR ARCHITECTURE

AA molecule withoneactive bond can act as cha@mminatorbut
cannot form a link in a chain
Example -OH

AMonomers which forntinear chainhavetwo activebonds
they arebifunctional. Example:thermoplastics have linear
not crosslinked molecules (polyethylene)

AMonomers withthree or morective sitesgolyfunctional)
form network.
Example:thermosetting polymers

H H ~ct, L af
. o
C—C '\J

L L
H H |

Ethylene Phenol-formaldehyde



Molecular Structure

(a) Linear Polymer: endto-end joining of mers, single, long flexible chains,
vanderWaals and hydrogen bonds hold chains together (polyethylene etc.)

(b) Branched Polymer. side branch chains connected to main chain, reduced chain
packing capability and therefore density

(c) CrossLinked Polymers: adjacent chains joined by side chains; synthesis at
elevated temperatures promotes cflogang; noncarbon atoms might be involved
In crosslinking bond (e.g. sulfur in vulcanization, rubber)

(b) Network-Polymers highly crosdlinked, trifunctional mers can provide three
dimensional crosBnking (epoxy resins, phenybrmaldehyde)

(©) (d)



Stereoisomerism: thermoplastics

A Polyethylene is a simplest linear chain.

By replacing one H atom lside-group or radicalR- avinyl groupof polymers
Example:R=CI (Polyvinyl chloride) or R=CEl(polypropylene)

But R also gives asymmetry to the mere unit thus it is more than one way they can be
linked to form form a chain stereoisomerismlransformation from one in to the
other isomer is not possible by bond rotation.

SV 000000 isotactc configuration: all R-groups are
. RRD B situated on the same side of the chain

@ M W W i W W u s W g Syndiotactic configuration: R-groups are
0 0 0 § b situated on alternate sides of the chain

S0 00 ) atactic configuration: R-groups are
R Y R arranged in a random position



Geometrical Isomers: rubbers

A Considering a carbon-carbon double bond in rubbers, which cannot rotate freely
without breaking a covalent bond, the R group or side-atom can be positioned on
the same side (cis) or on opposite sides (trans).

cis-polyisoprene (natural rubber) H and
CH; group on the same side, the other
bonds are along the chain

trans-polyisoprene properties differ
mar kedly from naturse
per chao)




Copolymers

Copolymersconsist of two or mordifferent mer units An idea is similar to
this for composites: obtain new polymer properties by combination!!
Depending on the polymerization process and relative fraction of mer types
different arrangements are possible.

Example Styrenebutadiene rubber
IS a common synthetic copolymer
For automobile tires

alternating graft

Styrene Butadiene

random block



Molecular Shape

The rotational degree of freedom in the bonds of the polymer chain backbone
allows a wide range of molecular shapes for the chain. One example in nature
the folding of proteins which influences the functionality of the whole structure.

v

(@) ) (c)

Schematic representations of how polymer chain shape is
influenced by the positioning of backbone carbon atoms (colored circles). For (a),
the rightmost atom may lie anywhere on the dashed circle and still subtend a
109° angle with the bond between the other two atoms. Straight and twisted chain
segments are generated when the backbone atoms are situated as in (b) and (c),
respectively.

r=()¥n

Because chathnks bend in a random way
The average distance, r, between start and end of the chain calculated in the
way as the distance a drunk stagge



Summary: Polymer Characteristics
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Polymer Crytasllinity

APacking of the molecular chains so as produced
an ordered atomic array



MOLECULAR WEIGHT & CRYSTALLINITY

A Molecular weight, Mw: Mass of a mole of chains.

iinkd s P

smaller M w larger M w

A Tensile strength (TS):
--often increases with Mw.
--Why? Longer chains are entangled (anchored) better.

A % Crystallinity: % of material that is crystalline.
--TS and E often increase '
with % crystallinity.
--Annealing causes
crystalline regions
to grow. % crystallinity amorphous
increases. region

crystalline
region




POLYMER CRYSTALLINITY

Reminder:
ACrystalline structurearrangement of unit cells in well defined ordered

spatial manner, characterized by translational symmetry
AAmorphous structuresandom arrangement of units

In polymers the crystalline order can be established by a regular arrangement
the chains. However, since it involves molecules (not atoms) these arrangems

are much more complex.

Orthorhombic init cell (ab, ¢, a=g=b=90)
of polyethylene. Note that the chain molecules
extend beyond the shown unit cell

A 1

C O 0.255 nm

o g O

<— 0.741 nm

Oc O

494 nm




POLYMER CRYSTALLINITY

High density polythylene is an example of crystalline polymer. On cooling,
secondary bonds tend to pull the molecules together into parallel bundles,
not perfectly crystalline but not amorphous eithher. Under some conditions

well-defined chairfolded crystals form.

AThe | ong molecules fol
paper into a stack with width much less than
length of the molecule.

AThe folds are not perfectly even, and the tails
of the molecules may not tuck into properly.

O O
TR
Q O

| Alt is like a badly woven carpet!!
L
Unit{ i— Z ] Zj{
cell @ Q2 _ .
L°—!i%!\i—o—1 However the crystallinity is good enough
 E B to diffract X-rays like a metal crystal




POLYMER CRYSTALLINITY

But even most crystalline of polymers is only 80% crystal!!

solution

Fringed-micelle model:
Aall crystalline regions
(micelles) in which the chains

are aligned, are
embedded in an amorphous

Bundles and chain folded segments,
make it largely crystalline, but these parts

are separated by glassy (disorder) regions

matrix. A single molecule can
pass through different regions.



Degree of Crystallinity

Thus in polymers crystalline and amorphous regions can coexist. Disturbance «
arrangement of the long chains (twists, kinks...) results ifottad amorphization

of the polymer. Density of the amorphous phase is lower than in the crystalline
can be used to calculate ttiegree of crystallinity

%crystalliity = Cgr s™ 1 a; x100
r(r.-r

a

S C

r .= density of perfect crystalline polymer
r .= density of completely amorphous polymer
r .= density of analyzing partially crystalline polymer



Degree of Crystallinity

Degree of crystallinity is determined by:

ARate of cooling during solidification time is necessary for chains to move and
align into a crystal structure

AMer complexity: crystallization less likely in complex structures, simple
polymers, such as polyethylene, crystallize relatively easily

AChain configuration: linear polymers crystallize relatively easily; branches
Inhibit crystallization; network polymers are almost completely amorphous;
crosslinked polymers can be both crystalline and amorphous

Alsomerism: isotactic, syndiotactic polymers crystallize relatively easily
geometrical regularity allows chains to fit together; atactic difficult to crystallize
ACopolymerism: easier to crystallize if mer arrangements are more regular
alternating and block can crystallize more easily as compared to random and g

More crystallinity: higher density, more strength, higher resistance to dissolutio
and softening by heating



Crystallization of Different Materials

Volume

Volume

Perfect crystallisation

Imperfect crystallisation

Temperature

e.g. in metals, when liquid crystallizes to a solid,
sharp sudden decrease of volume at melting point !!
The random arrangement of the atoms in the liquid
change discontinuously (same for viscosity, etc.)

Crystalline polymer behaves similarly:

has a fairly weldefined melting point at which
volume (a swell as viscosity) changes rapidly,
blurred by the range of molecular weights

When a polymer solidified to a glass the melting
point disappears completely, but newcsdled
glass temperature at which the free volume
disappears can be defined and measured



Polymer Crystals

Thin crystalline platelets grown from solution. These crystals are regularly shaped
thin platelets ~10 nm thick/ ~10mm long. Typically they formed multilayer structures

Polyethylene single crystal
(TEM photo)

The microstructure can be described
by thechainfold modeiThe chains
cross the platelet several times and
are folded back and forth on
themselves. The average chain
length is much greater than the
thickness of the crystallite



