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Polymer Mixtures5



5.1 
Polymer Blends



Thermodynamics of Molecular Mixtures

349

•  depends on intermolecular interacJons between same/different molecules 

•  is o`en small and posiJve, slightly favours demixing 

•  is typically large and posiJve, strongly favours mixing

ΔHmix

ΔHmix

ΔSmix

ΔGmix = ΔHmix − TΔSmix



Thermodynamics of Polymer Mixtures

350

•  depends on intermolecular interacJons between same/different molecules 

•  is o`en small and posiJve, slightly favors demixing 

•  depends on polymer unfolding (unfavorable) and staJsJcs (slightly favorable) 

•  is typically small and negaJve, slightly favours demixing

ΔHmix

ΔHmix

ΔSmix

ΔSmix

ΔGmix = ΔHmix − TΔSmix



Mixing Entropy for Regular Solu9ons

351

Ω = (NA + NB)!
NA!NB!

• regular solu9ons are mixtures of low molar mass species 
• here:  blue molecules and  grey molecules of idenJcal size distributed in a laäce with  sitesnA nB n

number of states 
before mixing, :ΩA

ΩA = nϕA

the entropy change of 
mixing for species :A

ΔSmix = nAΔSA + nBΔSB = − k(nA lnϕA + nB lnϕB)

: volume fracJon of ϕA A

ΔSmix = − k( ϕA

NA
lnϕA + ϕB

NB
lnϕB)

• for a regular solu9on the number of la�ce sites occupied per molecule NA = NB = 1

the entropy of mixing:

the entropy of mixing 
per laäce site:

ΔSA = k lnΩAB − k lnΩA = k ln( ΩAB

ΩA
)

= k ln( n
nϕA

) = − k lnϕA



Mixing Entropy of Binary Mixtures

352

Ω = (NA + NB)!
NA!NB!

• enormous differences between mixing entropies of regular solu9ons, polymer solu9ons, polymer blends 

• for polymer blends, the mixing entropy is very small

ΔSmix /k = 0.69 ΔSmix /k = 0.38 ΔSmix /k = 0.069

ΔSmix = − k( ϕA

NA
lnϕA + ϕB

NB
lnϕB)

regular soluJon 
( )NA = NB = 1

polymer soluJon 
( )NA = N NB = 1

polymer blends 
( )NA NB



Ideal Mixtures

353

Ω = (NA + NB)!
NA!NB!

• for ideal mixtures, the free energy of mixing is purely entropic (transla9onal entropy)

• ideal mixtures are homogenous as a result of an always posi9ve mixing entropy

ideal polymer mixture (with )NA = NB = 10

ideal polymer solu9on (with )NA = 10, NB = 1

ideal solu9on (with )NA = NB = 1
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see Lecture Notes for details!

Mixing Enthalpy in Polymers

354

• Flory interac9on parameter, : describes the differences in the strength of pairwise interac9on energies 
between species in a mixture

χ

uAA uBB

uAB

, , : pairwise 
interacJon energies
uAA uBB uAB

UA = uAAϕA + uABϕB = uAAϕA + uAB(1 − ϕA)average pairwise 
interacJon energy:

total interacJon energy 
of the mixture:

total interacJon energy 
before mixing: U0 = zn

2 (uAAϕ + uBB(1 − ϕ))

the energy change on 
mixing per laäce site: ΔUmix = U − U0

n
= z

2 ϕAϕB(2uAB − uAA − uBB)

ΔUmix = χϕAϕBkT χ = z
2

2uAB − uAA − uBB

kT
=

( EAA
coh − EBB

coh)
2

RT
= V0(δA − δB)2

RT

U = z
2 (UAnϕA + UBnϕB)

= zn
2 (uAAϕ2 + 2uABϕ(1 − ϕ) + uBB(1 − ϕ)2)



Free Energy of Mixing

355

Ω = (NA + NB)!
NA!NB!

• entropic contribuJon becomes negligible for high molar masses (large  and  ) 
• since  is posiJve (in case of no specific intermolecular interacJons), a homogenous mixture of two 

polymers is thermodynamically unstable with respect to macroscopic phase segregaJon

NA NB
χ

regular soluJon 
( )NA = NB = 1

polymer soluJon 
( )NA = N NB = 1

polymer blends 
( )NA NB

• Flory-Huggins equa9on: ΔGmix = kT( ϕA

NA
lnϕA + ϕB

NB
lnϕB + χϕAϕB)

ΔSmix /k = 0.69 ΔSmix /k = 0.38 ΔSmix /k = 0.069



Macroscopic Phase Segrega9on in Immiscible Polymer Blends

356

• composi9ons corresponding to a state with two phases typically show macroscopically phase segregated 
domains, which ozen is not desired for mechanical proper9es.

¬N � ln¡A + ln(1⇥¡A)
¡A(1⇥¡A)

500–10,000 nm
size &morphology controlled

by composition & mixing

¡A¡B¬+
¡A ln¡A

NA
+ ¡B ln¡B

NB
= 0

rich in A

rich in B

phase behavior of 
a symmetric blend: 
NA = NB = N
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Phase Diagrams for Binary Mixtures

357

• Lever rule: 

• for certain combina9ons of  two inflec9on points indicate the transi9on from binodal 
(nuclea9on-growth) to spinodal (instantaneous) decomposi9on

χ, NA, NB

0

0

0.25 0.75 10.50

ϕA

ΔG
m

ix

miscible at any composi9on immiscible 

0

0

10.50

ϕA

ΔG
m

ix

sp
in

od
al

 d
ec

om
po

sit
io

n

m
et

as
ta

bl
e

m
et

as
ta

bl
e

ϕ− ϕ+

d2ΔGmix

dϕ2 = 0

miscible miscible

ϕ = f−ϕ− + f+ϕ+ = f−ϕ− + (1 − f−)ϕ+



Phase Diagrams for Binary Mixtures

358



Construc9on of Phase Diagrams

359

• construc9on of phase diagrams from the free energy curves versus  at different  
• schema9c representa9on of the binodal and spinodal curve for a binary mixture
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Spinodal Decomposi9on versus Nuclea9on & Growth

360

• small fluctuaJons in composiJon cause immediate phase separaJon in the spinodal regime 
• nucleaJon in the metastable zone requires comparably large fluctuaJons and requires 9me

spinodal decomposi9on nuclea9on and growth

ϕA

χN

X

X′ 

Y

Y′ 

X → X′ Y → Y′ 



Effect of Flow on Mixing

361

• in general, immiscible polymers are exerted strong shear forces in an extruder

• for : general deforma9on of the domains of the minor phase 
• for : fibrillar structures may transform into small spherical domains.

Λ < 3.8, κ > 0.1
Λ < 3.8, κ > 4

control parameters flow condi9ons

viscosiJes ,  
viscosity raJo  
interfacial tension  

capillarity index  

stress  
iniJal domain size 

η1 η2
Λ = η1/η2

γ1,2
κ = dσ/γ1,2

σ
d

extrusion and 
injec9on molding

strong shear 
η1 ∼ η2

rapid relaxa9on

no shear

discon9nuous phase

 (see Chapter 4.2)



Other Ways of Producing Phase-Separated Mixtures

362

emulsion 
polymerisa9on

reac9ve blends preformed & cross-linked 
par9cles 

interpenetra9ng 
networks 

N3 O N3
8

O
O

O
O O

O

O

4

N3N3

N3N3

N3N3

N3N3

N3N3

N3N3

N3N3

N3N3

N3N3

2 µm

reaction

e.g. high impact polystyrene HIPS (in-situ synthesis of the 
different components) (rubber-toughened PMMA)highly cross-linked

see Chapter 4.3iPPin-situ polymerised 
polyimide

PS PSPB



Compa9biliza9on Strategies

363

• immiscible polymers are compa9bilized to stabilize blend morphologies

• stabiliza9on by improved interphase adhesion and/or lowered interfacial tension

in-situ compa9biliza9on grazed par9clesemulsifica9on

O

PP
O

O
H2N PA6 NH2

3 layers:

2 layers:
elastomeric core 

(e.g. PB-co-styrene)

grazed polymer 
(e.g. PMMA)

glassy core

elastomeric shell 
(e.g. PB-co-styrene)

grazed polymer 
(e.g. PMMA)



Miscible Polymer Blends

364

• Flory-Huggins theory is based on simplifica9ons (ideal chains, constant volume, pure enthalpic 
origin of the interac9on parameter, no specific intermolecular interac9ons) 

• though Flory-Huggins theory predicts general immiscibility of two polymers ( ,  ), 
more than 400 miscible systems are known:

ΔS ∝ 1/N χ ∝ 1/T

• miscibility can be favoured by -  interac9ons, H-bonding, ionic interac9ons,…π π

n

O

n

-  interac9onsπ π

PS/PPO PVC/PCL

poly(phenylene oxide)

PS

nH

Cl

O

O

n

H-bonding interac9ons

poly( -caprolactone)ϵ

poly(vinylchloride)



Applica9ons of Miscible Polymer Blends

365

• miscibility is par9cularly favoured, if the specific interac9on are only encountered in the mixture

• modifica9on of glass transi9ons without compromising transparency 

• synergis9c combina9on of advantageous proper9es of the respec9ve homopolymers

NorylTM

PS + PPO

improved ducJlity 
increased Tg

improved ducJlity 
decreased Tg

PVC + PEC (perchlorinated PE)



Block Copolymers



Two Types of Copolymers

367

1. Random Copolymers 

•  is roughly an average of the consJtuJonal components;  is either low or not existent 

• allows to combine incompaJble monomers 

• example 1: Poly(ethylene-co-propylene) (EPR): a rubber 

• example 2: Poly(styrene-co-acrylonitrile) (PSAN): a glassy polymer, easier to process than PAN) 

2. Block Copolymers 

• typically two glass transiJon temperatures and at least one melJng point 

• allows to combine different properJes (i.e. elastomer + glassy polymer) at reduced domain sizes (on 
the order of ) and stabilized interfaces 

• total free energy depends on surface tension, entropic forces, and is a funcJon of block length and 
sJffness as well as curvature of the interfaces, … 

• for mono disperse blocks: well defined block length give rise to periodic structures with constant 
curvature at the interface (at least for diblock copolymers)

Tg Tm

Rg



Polymer Blends versus Block Copolymers

368

• phase segrega9on occurs at smaller length scales and is controlled by block lengths

polymer blends coil–coil block copolymers

500–10,000 nm
size &morphology controlled

by composition & mixing

50–200 nm
size &morphology controlled

by block lengths



Phase Diagrams

369

• very characteris9c periodic morphologies for monodisperse blocks according to (i) the ra9o of 
block lengths  and (ii) temperaturelA/lB

close-packed spheres (Scp) 
body-centered spheres (Sbcc) 

body-centered cubic (bcc) 
QIm3m

close-packed spheres (S’cp) 
body-centered spheres (S’bcc) 

body-centered cubic (bcc) 
QIm3m

cylinders (C) 
hexagonally (close) packed 

cylinders (HPC, hex) 

cylinders (C’) 
hexagonally (close) packed 

cylinders (HPC, hex) 

gyroid (G) 
cubic bicon9nuous (cbc) 

QIa3d

gyroid (G’) 
cubic bicon9nuous (cbc) 

QIa3d

lamellar (L)

disordered mixture

ODT
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Triblock Copolymers

370

500 nm 500 nm 250 nm

sequenJal anionic polymerizaJon in THF 
Mn ≈ 230.000, symmetric PS and PMMA blocks 
variaJon of PB block length (χ = 6, 17, 38%)

x y

H

O O

z

lamellae
SBM 38

cylinders-at-lamellae
SBM 17

spheres-at-lamellae
SBM 6

transmission electron 
microscopy (stained 
with OsO4)



BAB Triblock Copolymers - Thermoplas9c Elastomers

371

• hard segments serve as “physical” cross-links, all chains fixed into a network structure

• below  or  of the hard segments, the result is a rubber (elastomer) 

• above  or  of the hard segments, processable (extrusion, molding) 

• thermoplas9c elastomers are considered to be recyclable

Tm Tg
Tm Tg

BAB triblock copolymers

hard segments 
glassy (Tg > r.t.) or 
crystalline (Tm > r.t.)soz segments 

liquid (Tg < r.t.)



Applica9ons
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1. Thermoplas9c Elastomers 

2. Emulsifiers 

3. Nanotechnology 

• self-organised structures as precursors in the manufacturing of periodic arrangements of inorganic 
nanoparJcles (quantum dots 

4. Compa9biliza9on/Addi9ve 

• PS-b-PBD  PS-b-PE: compaJbilizaJon of PS/PE mixtures 

• PP + acrylic acid  improved adhesion with wood, CaCO3, cellulose (paper, copon, …) 

• cellulose (paper, copon,…) + fluorinated monomers: stain-resistant, hydrophobic, non-sJcky materials. 

• cellulose (paper, copon,…) + UV absorbing monomers: anJ-UV texJles (T-shirts in New Zealand) 

• cellulose, polyesters + vinylphosphonates: flame retardant texJles 

• any non-harmful support + biocompaJble monomers: biocompaJble materials 

• etc., etc., etc.,…

→
→



Learning Outcome
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• thermodynamics of binary polymer mixtures can be mapped within the framework of a la�ce 

model. According to Flory-Huggins, polymer blends have very liule mixing entropy, and mixing is 

determined by energe9c factors. Most polymers are indeed immiscible with each other, but there 

are many excep9ons to this rule of thumb because pairwise interac9on energy differences are not 

always repulsive. 

• by considering the temperature-dependence of the free energy of mixing, a phase diagram can be 

constructed to summarise the phase behavior of the mixture, showing regions of stability, 

instability, and metastability. 

• block copolymers do not macroscopically phase separate but form domains on the scale of tens of 

nanometers. For monodisperse architectures, phase segrega9on (order-disorder transi9on) is 

accompanied by forma9on of well-defined periodic structures.


