Materials Technology

Polymer

Dr Jasmi Hashim




ocw.utm.my

INTRODUCTION

What is a Polymer?

Poly mer
many repeat unit

Most polymers are hydrocarbons
—i.e., made up of Hand C

repeat
unit repeat repeat
unit unit
1 | | I_II | 1 | | 1 | 1 | | | 1
C-C-C=C-C-C- C-C0-C-C-C -C—C—C—C—C—C-
Cl{Z€Cl CI CHy CH; CH,

Polyethylene (PE) Poly(vinyl chloride) (PVC) Polypropylene (PP)

e Originally natural polymers were used
— Wood — Rubber
— Cotton - Wool
— Leather - Silk
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Polymer are long chain molecules:
Wwhich are formed by polymerization
by linking, or cross-linking of the same or different monomers.

Monomer
Basic building block of polymers.

means — many mers, generally repeated hundreds of
thousands of times in a chainlike structure.

Most monomers are organic materials in which carbon atoms are
joined in covalent bond — with other atom

eg: H,ONFClSiandS
Simple monomer consist of atom C and H
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POLYMERISATION

To link monomer in polymer - repeating unit to make longer and larger molecules
* Monomers are linked together in a covalent bond, forming a polymer chain.
* The polymer chain are held together by a secondary bonds, such as van der

Waal bond and H bonds.

Two basic polymerization processes :

i. Condensation polymerization
ii. Addition polymerization

i. Condensation polymerization

Polymers are produced by the formation of bonds between two types of reacting

mers

- also produce reaction by-product : water, acid or alcohol condensed out.

Adiptic acid
Coal
Petroleum
' Hexamethylene
“"fa‘er —*| diamine
Air
Water
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ii. Additional polymerization

Also known as chain-reaction polymerization.
Without reaction by-product
Long molecule chain form at a high rate, within a few seconds.

Initiator is added to open double bond, and begins linking process by adding
more mers to a growing chain.

|
H H H HiH HIH H
| Heat, pressure, .
C=C » | —C—C—+C—C--C—C—| Polyethylene
\ | catalyst | | ‘ ‘ : [
H H H H!H HIH H /n
______ 1
ethylene Mer
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Molecular weight
The sum of molecular weight of the mers in the polymer

Molecular weight increases
Chain length increase
Molecular weight increase
MPs such as TS, Impact strength, resistance to cracking and viscosity

Most commercial polymer molecular ' Commercial |
weight between 10, 000 and 10 000 000 ™ polymers |

impact strength

]

|

i |

. 1
Tensile and |
]

]

]

More convenient to express the size of a
polymer chain in terms of degree of
polymerization (DP)

Property

Viscosity

DP : Molecular weight !

Weight of monomer 104 107
Molecular weight, degree

of polymerization I@ ®®@|
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The properties of polymer depend not only on the type of
monomer, but also on their arrangement in the molecular structure.

Linear polymers : - linear structure
- such as acrylics, nylon, PE, PVC
- may contain some branched cross-liked chains

Branched polymers

- Side-branch chains are attached to the main chain during
polimerization.
- Branching interferes with the relative movement of the
molecular chain give resistance to deformation
- strength increases
Interfere with the packing efficiency of polymer chains
- density decreases
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i. Cross-linked polymers
Have adjacent chain linked by covalent bonds
such as in vulcanized rubber

Cross-linking has major influence of MPs of polymers
imparting hardness, strength, stiffness and better
dimensional stability

Thermoplastic polymer can be cross-linked to obtain greater strength

ii. Copolymer and ter-polymers
To impart certain properties and characteristics to the polymer
(as with solid solution in metal)

Such as improving both strength and toughness, heat and chemical resistance
Two types of polymer — Copolymer
such as styrene-butadiene — tires

[@leie]
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Three types of polymer — terpolymer

Such as ABS ( Acrylonitrile-Butadiene-Styrene) , used for helmet, telephone,
refrigerator liners

(contain chain are all the same type - )

Crystallinity

Polymer chains exist without long-range order-

like worms in a bucket, a bowl of spaghetti all are intertwined with each other

P : [ _Am_orphous
It is possible to impart some crystallinity — T bSO M o
to modify MPs. ' ' ;

During polimerisation,
- by controlling rate of solidification.
- by deformation during its subsequent
processing

Crystalline
I region
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Chain Molecular Structures for Polymers

Y i

secondary

Linear Branched Cross-Linked Network

Two or more monomers polymerized together m
e Random - A and B randomly positioned along chain W

e Alternating — A and B alternate in polymer chain

e Block - large blocks of A units alternate with large
blocks of B units

e Graft — chains of B units grafted onto A backbone

@089
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Polymers rarely 100% crystalline
 Difficult for all regions of all chains to become aligned

e Degree of crystallinity is expressed as % crystallinity.
-- Some physical properties depend on % crystallinity.

-- Heat treating causes crystalline Crystalline \\(

region q

:zgi:)cr:se ;c:):row and % crystallinity %\\\\i}
|

=
N
Y
Sl

Amorphous
region




Polymer crystal : spherulite
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Deformation mechanism of semi-crystalline polymer

OPTICAL PROPERTIES
Refraction index is proportional to density.

The greater the density, the greater the opaqueness
Opacity increase with crystallinity
Eg : LDPE film such as sandwich bag is clear.
Eg : HDPE for detergent bottles is opaque

Completely amorphous can be transparent such as polycarbonate

and acrylic. @ OO
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Effect of crystallinity :

MPs and PP are greatly influenced by the degree of crystallinity :

As it increases : Polymer become stiffer harder, less ductile,
more dense, less rubbery, and more resistance to

solvent and heat

LDPE
60% to 70% crystallinity,
sp. gravity =0.910 to 0.925

HDPE
80% to 95% crystallinity,
sp. gravity =0.941 to 0.970

LDPE stronger, stiffer, tougher,
less ductile than LDPE

innovative ® entrepreneurial ® global
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% Crystallinity = a
ps (pc B %)

x 100

% = Density of perfect crystalline polymer

p

= Density of completely amorphous polymer

©

%= Density of partly crystalline polymer that we are analyzing
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THERMAL PROPERTIES
Many plastics lose their strength at relatively low temp
~ no more than 150°C
Newer plastic, such as polyamide resin ~ 500°C
Glass transition temp : polymer act as glass (cooling) or become
rubbery-viscous (heating)

e Decreasing T... c(MPa)
-- increases E 80ff 40c
. semicrystalline
increases TS 60 o PMMA
-- decreases %EL
¢ Increasing
. 20
strain rate... | IGODC; tp 1.3
- 0
same effects 0 K 05 03

as decreasing T.

@089
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Glass transition temperature.
Temp at which - transition from hard, rigid, brittle and glassy at
low temp to rubbery or leathery (high temp).

Example :

Determine mechanical properties of PVC at room

temperature [Tm =212C, Tg = 87C].

Suhu
A
T ... | . Viscousflow ___§ Tm = 212C
Rubbery
Leathery

LIS P A

PE (low density)
PE (high density)
PVC

PS

PC

Representative T, values (°C):

-110
- 90
+ 87
+100
+150

Room Temperature ~ 30C



MECHANICAL PROPERTIES

i. Tensile properties
Incorporates two properties : viscosity and elasticity
Viscosity : refer to nature of a liquid’s resistance to flow

T T I I I
60 1 brittle polymer
50
©
2 40 .
= plastic
2 30
ﬁ 20 b
elastomefr
10
0 ! ! | |

o 1 2 3 4 5 6 7 8
e . . Strai
ii. Visco-elastic e
Incorporates two properties : viscosity and elasticity

Viscosity : refer to nature of a liquid’s resistance to flow

Elasticity : the ability of a material to return to its original size and shape
one a load is removed.
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Viscoelastic properties are determined by measuring e Stress relaxation test:
the stress relaxation
- subjected to a constant strain at different temp e _
0 strain
o=c,e Yo
° s(t)

o= tegasan selepas masa t
o, = tegasan awal v o

. time
® = masa santaian

Question:

Stress of 1100psi is applied on a piece of rubber at a constant strain. After 40 days
at the same temperature the stress decrease to 700psi. Determine :

i. Relaxation time for this materials

ii. Stress retain in this materials after 60 days

Solution :
i.In (700/1100) = -40/ w, ® = 88.5 hari
ii. In (o /1100) = -60/88.5, o = 559 psi
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Predeformation by Drawing

e Drawing
-- stretches the polymer prior to use
-- aligns chains in the stretching direction

e Results of drawing:
-- increases the elastic modulus (E) in the stretching direction
-- increases the tensile strength (TS) in the stretching direction

-- decreases ductility (%EL)

¢ Annealing after drawing...

-- decreases chain alignment

-- reverses effects of drawing (reduces E and TS, enhances %EL)
e Contrast to effects of cold working in metals!

[@leie]

I innovative @ entrepreneurial ® global ocw.utm.my



Factors that influence Mechanical Properties

1. Temperature

2. Chain molecule bonding
Entanglement, strong inter-molecule bonding (van der Wall, cross-link)
increase strength.

3. Drawing.
Analog of work hardening in metal, Chain molecule become highly oriented
(perpendicular to the chain alignment direction strength is reduced)

4. Heat Treatment (annealing)
- Change in crystalline size and order

i. Undrawn materials

— Increasing annealing temperature leads to
increase in elastic modulus
increase in yield strength
decrease in ductility

(these changes are opposite from metals)

ii. Drawn materials

- Opposites changes

- due to recrystallization and
loss of chain orientation



Time-Dependent Deformation

e Relaxation modulus:

)-8

Modulus. E_ (MPa)

Relaxation

— Glassy (elastic) region.
Chains are “frozen”

Leathery/glass transition region
Deformation is time dependent
and not fully recoverable

Rubbery flow

]
Viscous flow

| | |

I

I

|

11‘ Temperature (°C) T

=

'Relaxation

102

—
(=}

Modulus. E_ (MPa)

107!
1072

1073

Relaxation
Modulus, ER (MPa)

Largely crystalline
(Small amount of amorphous)

Lightly cross-linked polymer
-

rphous polymer

Temperature (°C)

rigid solid

Transition
region

140

Temperature (°C)
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Effect of cross-link on E;

Increasing
cross-linking

Glassy
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Effecr of degree of crystallinity on E;

Glassy 100% crystalline
)
o
&
P | Leathery crystalinia
g crystallinity
W
]
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=]
£
S Rubbery
A
i !

Viscous

. 1 ’
T, Trm
Temperature
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Methods to improve the strength of polymer

i' 1 i oo .
increases molecular weight ii. increases DP

i |
Commercial 1
s S ———

i |
Commercial 1
1
polymers

polymers

]
|
I : I
Tensile and i Tensile and
|
|
I

I
|
|
|
' ]
impact strength impact strength .
|
1

Property
Property

Viscosity

Viscosity
1

10* 107
Molecular weight, degree
of polymerization

1
104 107
Molecular weight, degree
of polymerization
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lii. increases % of crystallinity iv. Increases degree of vulcanisation
Glassy
100% crystalline _
) Glassy Increagmg
S ) cross-linking
w . © *
o | Leathery Increasing 7
~ crystallinity o)
2 =
= « |Leathery
3 =
£ ] _ 1
o Rubbery kS T
3 i E Rubbery
v i %
Viscous i T O,OSS
~irL -
1 J Viscous "Nkip,
Tq Tm
Temperature %
m

Temperature
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PLASTIC PROCESSING

Intelligent Processing of Materials (IPM)
Involves placing non-destructive evaluation (NDE) sensors in
the processing equipment
- to allow computer monitoring and adaptive control
(mixture, temp, pressure etc)
- to control the complex variables matched against the
complex process model or expert system.

IPM leads itself to the trend for total quality management (TQM) and
statistical process control (SPC)

- Technique associated with

I innovative ® entrepreneurial ® global ocw.utm.my



Thermoplastic
Needs heat and pressure for melting process and cooling system
Example : casting, extrusion, injection blow moulding, drawing, foaming,
thermoforming, rolling, callendering, rotational and resin

transfer moulding.

Thermosetting :
Needs heat and pressure
Example : casting, spraying, compression
moulding, transfer moulding
and reaction injection moulding. Etc.

Raw plastic : grain, powder, bead, flake &
plate, tube, rod etc.

ADDITIVES
To impart certain properties : modify and improve stiffness, strength, color,
weatherability, flammability, and ease of processing.
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Polymer Additives

Improve mechanical properties, processability, durability, etc.
* Fillers

— Added to improve tensile strength & abrasion resistance, toughness &
decrease cost

— Example
carbon black, silica gel, wood flour, glass, limestone,
clay, serbuk kaca & asbestos

Plasticizers
Added to reduce the T, below room temperature

- Presence of plasticizer transforms brittle polymer to a
ductile one

- Commonly added to PVC - otherwise it is brittle

Example : : vinyl asetate

[@lekcle]
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e Stabilizers

— Antioxidants
— UV protectants
Example : Black carbon

e Lubricants
— Added to allow easier processing
— polymer “slides” through dies easier

—example :
sodium stearate, fatty acid, paraffin

e Colorants
— Dyes and pigments

¢ Flame Retardants
— Substances containing chlorine, fluorine, and boron

[@lekcle]
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1. EXTRUSION MOULDING

Hopper

Melt
Screw Thermocouple thermocouple

o
‘v gy N * oy
" . 3y

Die Storm water drainage system
60 in dia HDPE

Feed zone

Melting zone Melt pumping zone

Twin extruder screw
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e plastic pellets drop from hopper onto the turning screw
e plastic pellets melt as the turning screw pushes them forward by the heaters

e molten polymer is forced under pressure through the shaping die to form the
final product (extrudate)

Feed hopper

Plastic pellets

Heaters Shaping die rm D
| IS
Tubing and pipes
o A A Ay e o oo L
S I -
T T S— < _Va
\Sheet and film
Turning screw Barrel Molten plastic  Extrudate
¥ Ceo

Structural parts




Blown-Film Extrusion

e G
... Guiderolls i ¢ .

<

Extrudate

Tubing die
Air }

Bags, film, and sheet
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Dies are not a component of the extruder and must be designed and
fabricated for the particular profile to be produced

Melt flow direction

Pol | Screen Extruder,
Extruder / olymer melt pack barrel
barrel =
1748 .
;2 ( —» B Secstloen B-E
Screen - a
pack T
Melt flow -
direction —
- Bare wire in
NANN -5
O =

»/ NN

—
L Mandrel v

Hollow Profiles

Extruding a Coated Wire

Dr Jasmi Hashim
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2. INJECTION MOULDING

Feed hopper Heaters

' Barrel
. / Nozzle
g — '
I Rt | o X
= L]UW
s ¥/
Z
, &
T AIT L /'/ l
r/ r&L e rrd PP IS 7 rrd i oy ’ i g s r Z

L——‘ ~Injection unit———— >

CINGINNATI
MILACRON



~ Movable
Cavity - "~ platen

-~
v [ ]
L] .
(1)
Polymer melt -
Nonreturn valve ] °
V.F / F ¢
(2)
Solidification
~ occurring
Fresh polymer melt _ /
for next shot
p—
F

PR R
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Thermoplastics and some thermosets

when ram retracts, plastic pellets drop from
hopper into barrel

ram forces plastic into the heating chamber
(around the spreader) where the plastic
melts as it moves forward

molten plastic is forced under pressure
(injected) into the mold cavity where it
assumes the shape of the mold

The production moulding cycle time is in the
range of 10 to 30 sec.

\\\
SRR
NN

(4)



3. COMPRESSION MOULDING.

Thermoplastics and thermosets

e polymer and additives(Pre-shaped part of preform) is placed in
mold cavity

e mold heated and pressure applied
e fluid polymer assumes shape of mold

Heating
elements

e

Moulded part

Charge

BN

Ejector pin Mould Ejector pin

BN

Ejector pin

Moulded part
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4. BLOW MOULDING

Extruder barrel

ingi i Mouded part
Blowing is done with a { y Mould (closed] °v'°a ' ’
H ‘ \Y
hot-air blast at pressure of i ] e | e — | ==
350-700 kPa. Parison N A .
Mould (Open) -~ #4 \ Elr\)

S|
ﬂﬁ Blow pin VT Vlﬂh

v Usually used for rubber and thermoplastic materials

ﬁ Q (eg : plasticized PVC)

Eg: PVC floor covering, shower
curtains, vinyl table, cloths, pool
liners, and inflatable boats and toys

I innovative e entrepreneurial e global ocw.utm.my

5. CALENDERING




G UTM  orevcourstware

»/  UNFVESSITY TEXNOLDA MALAYSA

6. THERMOFORMING PROCESS

Various thermoforming processes for thermoplastic sheet.

These processes are commonly used in making :
- advertising signs, toys, boat hulls, bath tabs, trays, panels for shower stalls, and packaging.

Heater
Heater
Clamp %
Plastic_,_ - ";
sheet

Plastic

Mold sheet
Vacuum Vacuum
line line —> Mold

1. Straight vacuum forming  2.Drape vacuum forming

ol

Vacuum

QT

Plastic

sheet
3_ Force above Sheet 4 Plllg and l‘ing forn‘!ing L@
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RUBBER

H CH; l—I
POLYISOPRENE (C:H,),, | CI:
- Elastomer E

- Synthetic rubber ; copolymer,
GR-A : Butadiene + Acriloritrile

GRS-S : Butadiene + sytirena

fepRY pemy
Snnn i s
H H H

t 85— (S) (S)
I]-I H H H
—c—c=c—(r:— —rlz— —C (’:—
hehk ko

i
T
H

3

]

F Y
O

Vulcanised
rubber

Stress (MPa)
w
(=]

n
o
|
]

—
o

Unvulcanised
| |
3 4 5 6

Strain

[=]
(=]
oy =

- MPs rubber can be further
increased by VULCANISATION

- Cross-link to chain molecule
structure
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Example

SBR synthetic rubber is to be produced with the addition of 2 styrene mers (C3Hg) and

6 butadiene mers (C,Hg). Calculate the weight percentage of sulphur needed to form
22% cross-link in the rubber . [a; = 12, a,, =1, ag = 32 g/mol]

Answer :

Molecular weight : Number of mer :
Styrene: 8(12) + 8(1) = 104 g/mol =2(S) +6 (B)
Butadiene : 4(12) + 6(1) = 54 g/mol =8.

Average molecular weight = 2/8(104) + 6/8(54) = 66.5 g/mol

For example 100g copolimer to be produced :
1009/66.5g/mol = 1.51 mol

Weight of Sulphur for 22% crosss-link: = 0.22 x 32 = 10.6 gram
Weight % of sulphur = 10.6/10.6 + 100 x00 = 9.5%

[@lekcle]
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