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Introduction
• Many biological materials are built of polymers
(e.g., bone, wood) BUT only in the last 100 years
we have learned how to make polymers

• Nowadays, industries that make polymers and
polymer composites enjoy a faster growth rate
than other branches of materials (metals &
ceramics)

• Design with polymers requires special strategies
as their properties can change substantially with
time and temperature (especially around room
temperature)
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Introduction
• Polymers properties are very diverse, however 
common features of all polymers include:
– long molecules (polymer chains) with a covalently 
bonded backbone of carbon atoms 

– polymer chains are bonded together by weak 
“secondary bonds” (van der Waals and hydrogen 
bonds) or by weak bonds + strong covalent cross‐links

– secondary bonds have a melting point close to room 
temperature (Troom)  polymers may show large creep 
already at Troom
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 design and materials selection with polymers involves
considerations much different from metals and ceramics
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Material Data
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Material Data: Recommendations
• If properties of metals (e.g. stainless steel) differ
very little from two different manufacturers this
is NOT true for polymers (e.g. polyethylene)

• Many factors have a big influence on the behavior
of polymers (e.g., distribution of molecular
lengths, polymerization, mechanical processing,
additives)

• Data from books are only approximate
 accurate data requires to use manufacturer
datasheet or (even better) to perform own tests
(e.g. 3D polymer printing)
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3D Polymer Printer: Objet Connex260 www.stratasys.com

y

Rubbery Glassy

droplet dimension: 40 µm
 x‐y resolution 600 dpi
 z resolution: 1600 dpi
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Material Data: Recommendations
• Polymers bonding:  “primary” (covalent) bonds + “secondary” 

(van der Waals and hydrogen) bonds
• At glass temperature TG the secondary bonds melt  strong 

decrees in Young’s modulus (e.g. from 3 GPa for T < TG to 3 
MPa for T > TG) 

• In many polymers TG  is only slightly higher than  room 
temperature Troom

 at Troom a large fraction of secondary bonds is       
already melted and under load the remaining 
secondary bonds creep 
 decrease in modulus 𝐸  20 °𝐶 𝐸  20 °𝐶

• Tensile strength is a large fraction of elastic modulus: 𝜎
 design based on yield gives large deflections without
damage (car bumpers, plastic bottles)
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Material Data: Recommendations

• For many polymers TG is near to Troom:
@ Troom polymers are fairly tough, but if
T<TG, KC (fracture toughness) can drop
significantly

8



9Davide Ruffoni (druffoni@ulg.ac.be) ‐ University of Liège ‐ Department of Aerospace and Mechanical Engineering

Material Data: Recommendations
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Design with polymers requires special attention 
to:

–Time‐dependent effects
– Large elastic deformations
– Effects of temperature (even close to room 
temperature)
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Generic Polymers
Thermoplastics
• Polyethylene is the most common thermoplastics
• They are often linear polymers, i.e. the chains are
not cross‐linked but may branch

• They soften and flow like a viscous liquid when
heated (after the melting of secondary bonds),
allowing to be formed

• They are made by adding together (polymerizing)
subunits (monomers) to form long chains
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Generic Polymers: Thermoplastics

11

CH3methyl group
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Generic Polymers: Thermoplastics
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C6H5 phenyl group

Plexiglas



13Davide Ruffoni (druffoni@ulg.ac.be) ‐ University of Liège ‐ Department of Aerospace and Mechanical Engineering

Generic Polymers
Thermosets (or resins)
• Epoxy is the most famous thermosets
• They are made by mixing two components: a
resin and a harder (either at room temperature
or on heating)

• They are heavily cross‐linked (also called network
polymers)

• The cross‐links form during polymerization so the
structure is almost always amorphous

• On re‐heating the secondary bonds melt and the
modulus drop but the crosslinks prevent viscous
flow no hot‐working

• Further heating causes decomposition
13
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Generic Polymers: Thermosets

14

phenolic resins low electrical conductivity
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Generic Polymers

Elastomers (or rubbers)
• They are almost linear polymers with
occasional cross‐links

• At room temperature all the secondary bonds
have already melted

• The cross‐links provide a memory of the
material so that it returns to its original shape
on unloading
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Generic Polymers: Rubbers

16

collagen
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Generic Polymers: Natural Polymers
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Molecular Length

18

Ethylene molecule (or monomer)

Polymerization breaks the double bond 
and activates the monomer

The monomer can link to other 
monomers to form a dimer …  

or also a long chain  

The ends of the 
chains either link to 
other 
macromolecules or 
end with a terminator 
(OH) 
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Molecular Length & Weight
• Degree of Polymerization (DP): number of
monomer units in the chain

• To have a solid polymer with “useful” mechanical
properties the DP must be at least 500

• Commercial polymers have DP: 103‐105
• Molecular Weight (MW):

 DP x molecular weight of the monomer
(ethylene monomer C2H4 has molecular
weight of 28; average DP of polyethylene is
104 average MW=280.000)

• In all commercial polymers there is a range of DP
and thus of molecular length and weight

19
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Molecular Length & Weight

20

Polymeric materials based on
the same repeating monomer
do not have a unique set of
properties:
 there are many 
polyethylene and their 
properties strongly depend on 
the average DP
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Molecular Architecture

Thermoplastics
• Largest class of engineering polymers
• Linear molecules not cross‐linked  soften when 
heated

• The simplest linear‐chain polymer is polyethylene

21
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Molecular Architecture
Thermoplastics
• By replacing one H with a side‐group R (radical) 
we have the vinyl group of polymers [‐C‐H=CH2]:
– R = Cl  polyvinyl chloride
– R = CH3 polypropylene
– R = C6H5  polystyrene

• The radical gives asymmetry to the chain 
different ways the monomers can be attached to
form a chain

22
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Molecular Architecture

Thermoplastics

23

Linear (PE)

Isotactic: the side‐groups are all 
on the same side

Sindiotactic: the side‐groups 
alternate regularly

Atactic: the side‐groups alternate 
irregularly
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Molecular Architecture

Thermoplastics
• Tacticity influences properties: 

– regular molecules can form crystals whereas 
irregular molecules (atactic) cannot

– isotactic molecules carry a net electric dipole and 
can be electroactive (e.g. piezoelectric effects)

• If two H are replaced  vinylidene group

24

 R1 = CH3 (methyl) & R2= COOCH3 (ester) 
 PMMA or Plexiglass
 increased difficulty to get regular arrangements 
most of them are amorphous
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Molecular Architecture
Thermosets
• Based on large poylfunctional monomers
• Form random three‐dimensional networks with 
several (covalent) cross‐links 

• Do not melt when heated
• Do not easily dissolve in solvents
• Cannot be formed after polymerization
• Chemical more stable and mechanically stiffer than 
thermoplastics

• Used as adhesive, coating and matrix for 
composites

25
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Molecular Architecture

Elastomers
• Linear polymers with a few cross‐links

(1 every 100 or more monomers)
e.g., DP 500 less than 5 cross links !!!

• Glass temperature (Tg) well below room
temperature (at room temperature the
secondary bonds have melted)

26



27Davide Ruffoni (druffoni@ulg.ac.be) ‐ University of Liège ‐ Department of Aerospace and Mechanical Engineering

Molecular Packing and Glass Transition

27

The average end‐to‐end 
distance is described by the 
random walk model of a 
polymer with 𝑛 units of length 
𝜆:  𝒏𝝀
Large strain (400%) are needed 
to straighten out  the molecule

• Due to the rotational degrees of freedom of
the C‐C backbone, a free polymer molecule is
never straight but it can spiral, twist, ...

• This is particularly the case when a linear
polymer melts (e.g. during forming)
 spaghetti‐like tangle
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Molecular Packing and Glass Transition

28

• When the polymer melt is cooled the 
spaghetti‐tangle may freeze without 
rearranging:

Amorphous structure

• During cooling molecules can move and may
line‐up (depending on their architecture and
secondary bonds) they can form crystallites
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Molecular Packing and Glass Transition

29

Polymer crystals
• Linear chain molecules with no

side‐groups or branches can
crystallize (e.g. high density
polyethylene)

• On cooling secondary bonds
tend to pull the molecules
together into parallel bundles
chain folded crystals

• In general, crystallinity is not as
high as in metals but it is high
enough to diffract X‐rays and to
allow the definition of a unit cell
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Molecular Packing and Glass Transition

30

Polymer crystals
• Even the most crystalline molecules (high density PE) is only

80% crystal

crystalline parts 
separated by amorphous 
(or glassy) regions
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Mechanical Properties

31
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Introduction
• Large spectrum of mechanical properties (brittle‐
elastic, plastic, viscoelastic, rubbery and viscous)
within a quite “small” temperature range:

[‐20 °C +200 °C]
• While metals and ceramics have a constant
stiffness and strength at room temperature, this
is not true for polymers

• Mechanical state of a polymer mainly depends on
molecular weight and temperature ‐ how close is
T to TG

• Polymer mechanical properties are often plotted
against T/TG

32
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Introduction

33

general behavior of Young’s modulus as a function of temperature for 
a linear (amorphous) polymer for a fixed loading time

PMMA: Troom = 0.75 TG
polyethylene:  Troom = 1 TG
polyisoprene: Troom = 1.5 TG
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Time and Temperature Dependent Stiffness

• When a polymer is loaded by a constant force,
it deflects by an amount that increases with
time t and temperature T

34

,

• The Young’s modulus of a polymer can change
up to a factor of 103 when the temperature is
changed, even around room temperature
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Time and Temperature Dependent Stiffness

• Behaviour of linear amorphous polymer (PMMA)

35

a) Glassy regime: large modulus 
(3 GPa)

b) Glass‐transition regime: steep 
drop in modulus 

(3 GPa  3 MPa)
c) Rubbery regime: low 

modulus  (3 MPa)
d) Viscous regime: the polymer 

starts to flow
e) Decomposition regime: 

chemical breakdown starts
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Time and Temperature Dependent Stiffness

Glassy regime and secondary relaxation

36

Glassy modulus is due to bond
stretching and the modulus of the
polymer is an “average” of the stiffness
of its bonds:

linear amorphous polymer with strong 
covalent bonds and weak secondary 
bonds

𝐸
𝑓
𝐸

1 𝑓
𝐸

𝑓: fraction of covalent bonds

𝑓 1 (polymer is completely cross‐
linked)  E~ 103 GPa (diamond)

𝑓 0 (no cross‐links)  E~ 1 GPa (simple 
hydrocarbon like paraffin)

𝐸
𝑓

10
1 𝑓

1



37Davide Ruffoni (druffoni@ulg.ac.be) ‐ University of Liège ‐ Department of Aerospace and Mechanical Engineering

Time and Temperature Dependent Stiffness

Glassy regime and secondary relaxation

37

Non‐crosslinked random linear polymer 
(𝑓 0.5  glassy modulus of 3 GPa

𝐸
𝑓

10
1 𝑓

1

heavy cross‐linked polymers (𝑓 0.75
 glassy modulus of 8 GPa

drawn polymers have chains lined‐up 
along the drawning direction (i.e. 
anisotropic)  𝑓 0.98 in drawing 
direction  glassy modulus of 100 GPa
(only in drawing direction!) 
ORIENTATION STRENGHTENING
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Time and Temperature Dependent Stiffness

Glassy regime and secondary relaxation

38

Secondary relaxation: in principle, the glassy modulus (due to bond‐stretching)
should not depend too much on temperature; however due to the packing of
molecules, there are some “loose site” in the structure that can be occupied by
side groups or chain segments by increasing temperature. Such rearrangements
may cause an “extra” strain which can decrease the glassy modulus by a factor of 2
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Time and Temperature Dependent Stiffness
Glass or viscoelastic transition

39

T ↑: secondary bonds melt and modulus drop considerably
Consider each polymer chain as contained in a “tube” made up by the surrounding
molecules: when loaded at TG each molecule can move in a snake‐like manner
(reptate) in the tube. Further increasing T, polymer expand giving extra free
volume and allowing more regions to slide
As there are still non‐sliding parts, on unloading the elastic regions pull the
polymer back to its original shape (contrasted by reverse viscous sliding it takes
time!)
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Time and Temperature Dependent Stiffness
Rubbery behavior and elastomers

40

For T > TG (up to 1.5xTG) there can be two
different behaviors for amorphous polymers
depending on the average degree of
polymerization (𝐷𝑃):
‐ 𝐷𝑃 10 (polymer with short chains) 
molecular flow is easier and easier, elastic
modulus decreases viscous flow
‐ 𝐷𝑃 10 (polymer with longer chains) 
there is a rubbery state before viscous flow

long molecules form entanglements (E): points where the
molecules become knotted together
on loading the molecules reptate except at entanglements
(gives a shape memory)
rubbery modulus is 1/1000 of glassy modulus
strong rubbery behavior (ε>300% completely recoverable)
can be obtained by replacing entanglements with cross‐links
(1 every few hundreds monomer) as they do not melt
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Time and Temperature Dependent Stiffness

Viscous flow

41

At higher T (>1.5 TG) the secondary bonds are
melt completely and there is slip event at
entanglements  linear polymers become
viscous liquids (this is the regime in which
thermoplastics are molded)
Viscosity is defined (and usually measured) in
shear (shear stress 𝜎 which produces a shear
rate 𝛾):

𝜂
𝜎
 𝛾

Poise= 10 Pa x s

Polymers are formed at a viscosity: 104 ‐106 poise (they can be blown and molded)
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Time and Temperature Dependent Stiffness

42

modulus diagram 
for PMMA (typical linear 
amorphous polymer) 

 summarizes temperature and 
time dependence of Young’s 
modulus for “small‐strain” 
behavior of an amorphous 
polymer

T range: 0 K up to 1.6 TG
time range: 10‐6 s to 108 s

5 regions
drop in modulus (/2 glassy and 
/100 rubbery) for longer loading 
time
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Time and Temperature Dependent Stiffness

43

modulus diagram 
influence of cross‐links 
modulus diagram for polyisoprene 
(rubber) 
Increase crosslink density:
 contours of the modulus diagram

are pushed up (decrease
modulus drop)

 rubbery plateau is extended.

Crystallization increases the 
modulus too:
 crystalline regions are stiffer

than amorphous because of the
highly dense packing

 does not suppress melting.
Crystalline polymers (high
density PE) can still be molded
(cross‐linked polymers cannot)
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Strength & Failure 
• Strength: stress at which “something” starts to
happen giving a permanent shape change (plastic
flow or propagation of a brittle crack)

• There are at least 5 processes that can induce
failure (i.e. limit strength) in polymers
1) Brittle fracture (like in ordinary glass)
2) Cold drawing: the drawing‐out of molecules in solid‐

state, giving large shape changes
3) Shear banding: giving slip bands like in metals
4) Crazing: a kind of microcracking associated with

local cold drawing
5) Viscous flow: when the secondary bonds have

melted (T>1.5 TG)
44
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Strength & Failure: Tension 

Brittle Fracture
• T < 0.75 TG  polymers are 

brittle
• In the presence of a small 

defect (size c)

45

𝜎~
𝐾
𝜋𝑐

• KC: fracture toughness         
(1 MNm‐3/2) 

Below 0.75 TG polymers are low‐toughness materials and anything
that concentrate stresses (e.g., cracks, notches, sharp changes of
section) is dangerous
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Cold drawing

46

Example of polyethylene (typical behavior of a 
linear polymer)

• T ~ TG 
• ε < 0.1 linear elastic
• ε = 0.1 yield
• 0.1 < ε < 2.8 drawing: 
 chains unfold, draw out from 

the amorphous tangle, 
straighten and align

 formation of  a neck which 
spreads in the entire sample

• ε > 2.8 drawing is complete 
and rapid rise of σ till fracture

Strength & Failure: Tension 

Drawing gives a material which is much stiffer and stronger in  
drawing direction
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Crazing

47

• T ~ 0.75 TG  ‐ TG ]
• Crazing is a combination of 

localized cracking and drawing
• Molecules are drawn out but on a 

much smaller scale
• Small damaged regions appears 

(craze) and the drawn material 
forms ligaments bridging the 
crazes (stabilizing the microcracks)

• Before drawing becomes general a 
crack forms at a center of a craze 
and propagates to give final 
fracture 

Strength & Failure: Tension 

Example of polystyrene at room 
temperature  (typical behavior of a 
linear polymer)
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Shear banding

48

Strength & Failure: Compression 

• T ~ 0.75 TG  ‐ TG ] 
• Shear banding is a form of 

polymer plasticity which 
appears in compression

• Within each band a finite shear 
takes place

• As the number of bands 
increases the total overall strain 
accumulates
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Strength diagrams for polymers
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Strength & Failure 

PMMA in tension
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Example: Explosion of a Pressure Window

50

Flange connector in an internally pressurized piping system

The connector is made up of PMMA and failed catastrophically during 
the testing phase at a pressure much lower than expected. 

Investigate the possible reason for failure…
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Forming Polymers
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• Thermoplastic:
– soften when heated  injection molding, vacuum 
forming, blow molding, compression molding

• Thermosets:
– heated, formed and cured simultaneously by 
compression molding 

• Rubbers:
– formed like thermosets by pressing and heating a mix 
of elastomers and vulcanizing agent
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Forming Polymers: Extrusion
• cheap continuous process to produce shapes of constant
section ( semi finished products)
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tubes, sheets, 
ribbons, rods

• shear flow in the die orients the polymer chains in 
the extrusion direction  increase strength and 
anisotropy

• 60 % of thermoplastics

polymer granules (mixed, compressed and 
heated) are forced out through a die  upon 
cooling considerable contraction 
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Forming Polymers: Injection Molding
• slower and more expensive than extrusion

55

• again shear flow in the die orients the polymer chains in 
the extrusion direction  increase strength and 
anisotropy

• high precision as the polymers cool under applied 
pressure

• Molding parameters: T [150 – 350 °C], P[30 – 120 MPa]

molded polymer is forced into a mold 
which is cooled below TG
excess polymer is injected to 
compensate for contraction
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Forming Polymers: Vacuum & Blow
• In vacuum and blow forming, sheets produced by
extrusion are shaped by vacuum or pressure forming
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Heat softened is pressed into a mold Heated tube is clamped in a split mold 
and expanded (plastic bottles)
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Forming Polymers: Compression Molding

• Used both for thermoplastics and thermosets
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the polymer or resin is heated 
and compressed between dies

used to make car bumpers

• since a thermoset can be removed while still hot  forming
time ranges from 10 seconds (small parts) to 10 minutes

• pressure is lower than for injection molding
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