
3.2 
The Amorphous State



Glasses
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• reversible response to small deforma9on (no permanent stresses during a shear strain - unlike a liquid) 

• no long-range organisa9on 

• high viscosity:   (tradiIonal definiIon)η > 1011 Pa s

anthracite

• a glass is an amorphous and rigid solid; polymer glasses are o{en transparent.

silicate glasses caramelcoal (amorphous carbon) polymers



Amorphous, Glassy Polymers
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PMMA

polycarbonate

…plus various 
thermosets (e.g. 
epoxides)

PS

PVC

atactic polymers very slow crystalliza9on high cross-link density
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The Amorphous State
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• random distribu9on of polymer chains in the matrix (no ordered structures) 

• diffuse intra- and interchain peaks in X-ray diffrac9on pauerns

crystalline (sharp peaks) amorphous (blurry peaks)

(isotropic sample) 

• local order does not exceed 1-2 nm in the molten state 
(ample evidence from wide angle X-ray diffracIon, light scapering, Brillouin scapering, Raman spectroscopy, …)

(isotropic sample) 



Conforma9ons in the Amorphous State
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• chains adopt “random coil” conforma9on of an ideal isolated chain, if chain mobility is sufficiently high 
(experimental evidence from neutron scapering and numerical simulaIons)

simulaIon of bulk 
polystyrene
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The Glass Transi9on Temperature
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• Tg:  the temperature below which the conforma9ons stop changing (on a large scale) 

• conformaIons in the glassy state are “frozen” ideal chain conformaIons of the molten state

rapid conformaIonal changesfrozen conformaIons

glassy state rubbery or melt state

Tg

• techniques for measuring Tg are based on proper9es that reflect changes in mobility

rigid solid dynamic, mobile, fluidic



The Glass Transi9on Temperature
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• at Tg, sudden change in thermal expansion coefficient, , upon cooling from the liquid state 
(measured via a dilatometer)

α

• the transi9on temperature decreases with decreasing cooling rate 

• Tg does not reflect thermodynamic equilibrium condi9ons! The glassy state is out-of-equilibrium!
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specific volume volume recovery δv

Physical Ageing
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• physical ageing as a proof of the out-of-equilibrium nature of the glassy state

• isothermal volume recovery towards establishment of an equilibrium on long Ime periods

poly(vinyl acetate) poly(vinyl acetate) 
(quenched from 40 °C to 
indicated temperature)



Effect of Measurement Speed
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• Tg may vary considerably depending on measurement type and its typical standard condi9on 

• example: polystyrene

• the Tg is a fic9ve temperature and not a fundamental thermodynamic quan9ty to be determined

measurement Type condi9on (rate)
Tg

°C

electrical tests 1000 Hz 121

mechanical characteriza9on 100 Hz 104

DSC 10 °C/min 100

dilata9on (cooling) 2 °C/min 96

dilata9on (cooling) 7 x 10-4 °C/min 82



1st vs. 2nd Order Thermodynamic Transi9ons
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• glass transi9ons: characteris9cs of a 2nd order transi9on, but NOT a true thermodynamic transi9on

dG = VdP − SdT 1st order transi9on 2nd order transi9on

V = ( ∂G
∂p )

T

(polymer crystallisaIon) (glass transiIon)
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Principles of Differen9al Scanning Calorimetry
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• DifferenIal Scanning Calorimetry (DSC) monitors heat effects associated with phase transiIons

• endothermic process (e.g. polymer mel9ng): heat is absorbed by the sample ( ) 

• exothermic process (e.g. polymer crystalliza9on): heat is released by the sample ( ) 

• glass transi9ons cause an endothermic baseline shi{

ΔdH/dt > 0
ΔdH/dt < 0
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Heat Capacity Changes in Differen9al Scanning Calorimetry

131

• at Tg, sharp drop in thermal capacity upon cooling from the liquid state: 

• during hea9ng, the transi9on is o{en accompanied by an enthalpy peak

• glassy state is out of equilibrium: chains cannot change conforma9on to establish equilibrium at a given T

out-of-equilibrium 
glassy state

equilibrium 
enthalpy line
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Mechanical Proper9es
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• for long polymer chains, a rubbery regime is displayed at temperatures immediately above Tg 

glassy state

transi9on zone

rubbery state

melt

M1 < M2 < M3

(upon cooling from melt state)

(the extent of this rubbery state depends on the molecular weight! see Chapters 4.1 and 4.2)
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universal trend of Young’s modulus cooling rate dependence
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• at Tg, sharp increase of shear modulus (+ other elasIc moduli!) from 106 to 109 Pa



Dynamic Mechanical Analysis / Shear Rheology
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• applica9on of small deforma9ons in a cyclic manner allow to study the materials response to 
stress, temperature, and frequency 

• informa9on on damping ( ): a measure of energy dissipa9on 

• at Tg, a characteris9c damping peak is observed

tan δ

• Tg increases with increasing frequency (smaller experimental 9me scale).
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Relaxa9on Processes in the Glassy State
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• sudden change in physical proper9es at the glass transi9on temperature such as the loss modulus (G’’) 

• small subunits remain mobile below Tg and therefore mechanically ac9ve towards lower temperatures

• these energy dissipa9on mechanism are unique to polymers, and not encountered in inorganic glasses 

• origin of plas9city: polymer glasses are s9ll tougher than ceramics! (see Chapter 4.3)
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The Theory of Free Volume
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equilibrium curve

equilib
riu

m cu
rve

• at , part of the volume created by thermal vibra9ons is “free”, leading to holes of size . 

• movement, if locally       ( : the volume occupied by a sphere/molecule)

T0 vf

vf ≥ v0 v0

• no transla9onal, rota9onal, and conforma9onal movement possible below T0
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The Theory of Free Volume
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equilibrium curve

frozen free volume

equilib
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• an infinitely slow cooling rate can in practice not be realized and T0 cannot be measured 

• free volume trapped in the glassy state (see exercise):  vfm = v0(T − T0)Δα

• at a finite cooling rate, holes become "frozen" at a temperature , which depends on the cooling rateTg > T0
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• relaxa9on 9me  needed to change conforma9on for equilibra9on 

• free volume interpretaIon for quantification of changes in dynamic and mechanical properties: 

relaxa9on 9me  :                                                                      

viscosity  (propor9onal to ):

τ

τ

η τ

Relaxa9on Times and Free Volume

137

• empirically verified rela9onships for many glass forming systems 

• limita9ons: free volume theory was founded for simple liquids (macromolecular chain connecIvity, 
thermal acIvaIon of chain movement, secondary interacIons not considered)

τ = τ0e
v0

vfm = τ0eΔα−1/(T−T0) Δα = αliuqid − αglass

η = η0e
v0

vfm = η0e
Δα−1
T − T0 glass

me
lt

Tg Tg Tg

increased 
cooling rate

sufficiently 
short τ

too long  for 
establishing 
equilibrium

τ



Thermodynamic Theory by Gibbs-Di Marzio 
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• chain connec9vity and thermal ac9va9on are taken into account 

• decreased difference in entropy between liquid and solid phase upon supercooling 

• Kauzmann paradoxon: 

• a phase transi9on must take place between  and  

• there is an underlying thermodynamic basis for the glass transi9on, but experimentally never verified

Tg T0

Sl − Sglass = ΔSg − ∫
Tg

T
ΔCplnT

Sl < Sglass for T < Tg



Structural Factors Impac9ng Tg



H3C CH3CH3

nn

Chain Rigidity
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• decreased chain mobility at increased sterically demanding (bulky) side groups 

nnnn

Tg = -100 °C Tg = -10 °C

Tg = 100 °C Tg = 135 °C Tg = 175 °C Tg = 264 °C



Plas9cisa9on
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• internal plas9cisa9on: addi9on of flexible subs9tuents reduce the Tg 

• external plas9cisa9on: addi9on of small amounts of a solvent (mainly used for PVC)

n
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n
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Tg = 6 °C Tg = -24 °C Tg = -48 °C Tg = -55 °C

• self-plas9cisa9on of certain polyolefin’s due to a wide distribu9on of the molar mass 

• an9plas9cizing effect in case of strong and specific polymer-solvent interac9ons
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Specific Interac9ons
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• decreased chain mobility in case of strong inter-chain interac9ons, i.e. in presence of polar 
groups (CN, NH, C=O) and, in par9cular, hydrogen bonds.
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• increases in Tg at increased number of amide groups in nylons. 

• solvents compe9ng for hydrogen bonding interac9ons (i.e. H2O) serve as plas9cisers
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Molecular Weight Dependence
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vfm = (αl − αg)v0(Tg∞ − T0) + fcv0 = (αl − αg)v0(Tg∞ − T0) + v0
2ρNAθ

Mn

Tg(Mn) = Tg∞ − K
Mn

• the total fracIonal free volume due to chain ends, , adds to the free volume:fc
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example: polystyrene

vfm = (αl − αg)v0(Tg∞ − T0) + fcv0 = (αl − αg)v0(Tg∞ − T0) + v0
2ρNAθ

Mn

• each chain end provides addi9onal “free volume”,  (see also Exercise Sheet)θ

: addiIonal free 
volume per end group
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Superglue
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vf m = (αl − αg)v0(Tg∞ − T0) + fcv0 = (αl − αg)v0(Tg∞ − T0) + v0
2ρNAθ

Mn

• working principle: strong adhesive nature of cyanoacrylates and quick polymerizaIon (glass formaIon!)

The History of Superglue

1942 1951 1958

Cyanoacrylates discovered during 
WWII search gun sight plasIcs. 

SIck to everything, so discarded

Cyanoacrylates rediscovered during 
research looking for polymers for 

jet canopies

Their potenIal finally 
realised: cyanoacrylates 

are developed into a glue 
which eventually becomes 
available commercially in 

1958. Numerous other 
manufactures follow suit.

Cyanoacrylates

Most common: ethyl cyanoacrylate, but others can also be used. 
Medical grade cyanoacrylates such as 2-octyl cyanoacrylate can be 

used to close up wounds
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Mechanism

Cyanoacrylates ‘cure’ in the presence of water. Only a small amount 
of water is required to kick of the reacIon - even the water vapour in 

air is enough.

The reacIon produces an anion which can add to more of the 
original cyanoacrylate, a process that repeats to form the adhesive 

polymer chains
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Cross-Linking
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• low cross-linking density: discussed rela9ons hold true, in par9cular molecular weight dependence 

• high cross-linking density: the sterical demand of catenary connec9ons may lead to an increase in Tg

• increased cross-linking density increases the Tg of thermosets 
• impact: as thermoset fabrica9on proceeds, gradually decreased mobility can slow down synthesis 

(hence, the need to cross-link at high T in some cases)

elastomers thermosets
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Copolymers
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1
Tg

= w1
Tg1

+ w2
Tg2

• random copolymers, likewise 
homogeneous polymer mixtures, 
display a single Tg

: mass proporIon of each 
component
wi

• several glass transi9ons in block 
copolymers depending on the 
number of components

glassy, hard 
physical cross-links 

∅ 10 – 100 nm

so{ matrix: 
low Tg

(also phase separated mixtures 
of polymers, Chapter 5)

• thermoplas9c elastomers: 
cross-links from glassy 
domains from one block at 
opera9ng temperature

simple, empirical law of mixing:

ABS (= SAN + BR) 

SAN 

BR he
at

 fl
ow

100 150 200 250 300 350 400 450
temperature (K) 



Overview of Glass Transi9on Temperatures in Linear Polymers
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Polymer Type       [CH2-CHR]n Subs9tuent R Tg [°C] Trend Ra9onal

polyethylene H -80
increasingly bulky subsItuentspolypropylene CH3 -20

polystyrene Ph 100
polybutene C2H5 -24

internal plas9cisa9on: 
increasingly flexible subsItuentspolypentene C3H7 -40

Polyhexene C4H9 -50
poly(methylacrylate) COOCH3 5

internal plas9cisa9on
poly(ethylacrylate) COOC2H5 -20
poly(propylacrylate) COOC3H7 -48
poly(butylacrylate) COOC4H9 -55
polyvinylalcohol OH 85

polar groupspolyvinylchloride Cl 81
polyacrylonitrile CN 105
polyvinylacetate C(O)CH3 28

Poly(methyl methacrylate) 
[CH2-CCH3R]n

Subs9tuent R Tg [°C] Trend Ra9onal

PMMA (isotacIc) COOCH3 145
tac9city for disubsItuted repeat 

unitsPMMA (atacIc) COOCH3 105
PMMA (syndiotacIc) COOCH3 115



Learning Outcome
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• in the amorphous state, polymer chains adopt their ideal random walk conforma9ons. These 
become “frozen in” at temperatures below the glass transi9on temperature 

• determina9on of Tg by dilatometry, calorimetry, sta9c mechanical tests, and dynamic measurements 

• the out-of-equilibrium nature of the glassy state, like the strong dependence on measurement speed 
and provided experimental 9me can be ra9onalised by the theory of Free volume 

• high Tg values are favoured by high Mn, chain s9ffness, strong interchain forces (specific interac9ons) 

• if necessary, plas9cisers can be used to reduce the Tg


