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• Phase behavior of polymer solutions and blends 

• Phase behavior of block copolymers

• SIS, SBS and SEBS triblock copolymers and thermoplastic elastomers

• Examples for miscible and immiscible blends 

• High-impact polystyrene (HIPS)

• Acrylonitrile-butadiene-styrene (ABS) Systems

• Compatibilisation

• Reactive blending 

Content
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• Blending different materials is a well-established tool of materials scientists to

realize novel material properties („Veredelung“).

• However, due to the long chain character of polymers the driving force for mixing, 

e.g. the increase of mixing entropy, is significantly reduced.

• Consequently, only very few polymer polymer blends are miscible. Most polymer 

mixtures tend to phase separate.

• Such phase separation needs to be controlled as all important properties

(mechanical, optical, etc) of the blend are drastically influenced

• The thermodynamic phase separation principles also apply to polymer solutions and 

block copolymers

• In a first step, we will look into the thermodynamics of polymer/solvent and 

polymer/polymer mixtures.

Aspects of phase behaviour of polymer systems
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Oil and water do not mix well…

Water/ oil: liquid liquid phase separation
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Oil and water do not mix well…

add
tenside

Water/ oil: liquid liquid phase separation
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Phase behaviour of polymer systems

• Free energy of mixing of a polymer solution:

• Free energy of mixing of a polymer polymer system:
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Phase behaviour of polymer systems

• Free energy of mixing of a polymer solution:

• Free energy of mixing of a polymer polymer system (polymer blend):
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Phase behaviour of polymer systems
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one phase

two phase
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or, since   T-1 :

Phase behaviour of UCST polymer systems
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Typical phase behaviour of a polymer blend: macrophase separation

AFM images
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…

…
Homopolymers

Statistical copolymer

Block copolymer
…

…

…

…

Phase behaviour of block copolymers
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I.W. Hamley et al. 
Curr. Op.
Solid State &
Mater. Sci.
8 (2004) 426–438

Microphase separation of block copolymers
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crystal like order on
mesoscopic scales:
10 ... 100 nm

liquid- like disorder
on molecular scales:
1 ... 10 nm

Example: 
fA  fB  lamellae

d~Rg~√𝑁

Microphase separation of block copolymers

d
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Polystyrene-b-Polyisoprene Polystyrene-b-Poly(2 vinyl pyridine)

fPS=0.64, N400 fPS=0.35, N200

Lamellae Hexagonal cylinders

(aus: I. Hamley; The Physics of Block Copolymers)

Examples: PS-b-PI, PS-b-P2VP
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Examples: PS-b-PB-b-PS

SBS and SIS triblock copolymers from styrene and butadien/ isoprene (Kraton ®)

• Thermoplastic elastomers
(TPE): thermoplastic and
elastomeric bahaviour!

•  possible due to
microphase separation
leads to doamin sizes at the
~20 nm range

• Microphase separation also 
leads to transparent 
materials! 

• Combination of soft (Tg PI 
~-60 °C and hard Tg PS 
~100 °C blocks

• Impact-resistent PS
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Anionic polymerization: Examples

two polymers are generally not miscible and therefore phase separate block 
copolymers have the same tendency but phase separate into ordered
superstructures due to their covalent linkage

SBS with fPS~25%  hard cylinders in soft matrix!



Polymerisationsmethoden17Polymermaterialien

TEM image

Morphological curiosity: The knitting pattern from PS-b-PB-b-PMMA

U. Breiner et al. Macromolecules, 31, 1998
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Typical drawback of PS is brittleness

• PS: cost-efficient thermoplast that is brittle (also SAN is brittle). 
• Brittleness= fast crack propagation

Spannungsrisse 
(crazes)

Direction of stress   (TEM)

PS fibrils: strongly elongated
chains

surface area of sample after 
failure showing fibrils (SEM)

• Toughness engineering of PS= prohibiting crack propagatrion
• Toughness engineering is a central concept in polymer science and involves

mechanisms for energy dissipation
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Toughness engineering through dispersed soft phase

σ

• Soft phase reduces crack propagation drastically
• Small droplets important
• Most prominent examples: HIPS and ABS
• A blend is a two-component system: miscibility, compatibility?

hard („high“ Tg: continuous phase, e.g. PS, SAN soft („low“ Tg: discontinuous
phase, e.g. PB, PI) 

crazes
(Mikrorisse) 
after mechanical
load
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General aspects of polymer polymer blends

• „Veredelung“ von Polymeren durch mischen  Kombination von günstigen 
Eigenschaften ohne neue Materialien synthetisieren zu müssen

• Problem: Polymere generell nicht mischbar, Domänen entstehen durch 
Phasenseparation mit mechanisch schwachen Grenzflächen (keine 
Entanglements an der Grenzfläche)

• Mischbare Systeme (Ausnahme): entweder sehr ähnliche Monomere oder 
spezielle Wechselwirkungen (typisch: H-Brücken): PPO/ PS, PS/ PC, 
PVDF/PMMA, PBT/PET

• Nicht-mischbare Systeme müssen kompatibilisiert werden (HIPS oder ABS: 
in-situ Bildung Graftcopolymer, PE/PA oder PP/PA: „reactive blending“ mit 
Maleinimidchemie)

• Kompatibilisierung i.d. Industrie meist in-situ, beim Verarbeiten
• Verständnis von Kompatibilisierung: ternäre Mischungen aus zwei 

Homopolymeren und dem entsprechenden Blockcopolymer
• Analyse der Morphologie mit Phasendiagramm
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High impact polystyrene (HIPS): PS-PB Propfpolymerisation

Rubber particle

PS matrix

Macromolecules 2000, 33, 5740-5742

Vgl. „Öl in Öl emulsion“

HIPS

Crazes (Mikrorisse)

Nach Beanspruchung
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Synthesis of HIPS: typical stages of morphology evolution

PB + S: 
homogeneous

PS rich particles
phase separate
 PS dispersed
in PB + S phase
(majority phase
PB + S)

phase inversion

p1≠ 0

p1< p2

With conversion
of S, PS phase
grows while
PB+S phase
depletes in S
(majority phase
PS)

p2< p3

„Salami“ 
morphology
forms with PB 
rubber particles
in PS matrix

p (S)= 0

PS         PB

~ 1 µm 
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SAN: Styrol-Acrylnitril Copolymer systems

N


co

N

n

+
AIBN

Styrol Acrylnitril

• Higher scratch resistance and chemical restistance aliphatics than PS
• Free radical polymerization in suspension or emulsion
• Typical composition S/A 75/25
• Weathering-proof parts, video tape and head lamp chassis, etc
• Trade names Luran (BASF), Lustran SAN (INEOS), Tyril (Dow)

Suspension in water with AIBN as initiator and polyvinylalcohol as suspension
agent (hinders coagulation)
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ABS: acrylonitrile-butadiene styrene systems

• Much higher toughness as for PS: compatibilized PB particle in SAN matrix
• Bulk polymerization or emulsion polymerization
• Toys: (Lego®), cameras, mobile phones, etc
• Trade names Terluran (BASF), Novodur (INEOS), Magnum (Dow)

SAN Matrix

• Bulk polymerization: morphology evolution similar as for HIPS (phase inversion) 
• Droplet size = f(stirring speed), stabilization by PB-g-SAN as compatibilizer
• Droplet morphology can be different depending on process conditions (compact

droplets, Salami) 

PB
droplets

(stained with
OsO4 oder RuO4)

TEM
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Compatibilization

Polymer A Polymer B

Compatibilizer= 
Macromolecular 

surfactant+ +

+ +
or

• making two immiscible components less incompatible
• Introducing covalent bonds at the interface
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Reactive blending von PP/ PA

O

O

O

+
NH

2
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O

O

PP

PA

Reaction during
processing

Mülhaupt et al., Polym. Adv. Tech., 1993, 4, 465 

PP PA

PP

+

In-situ Bildung von grenzflächenaktivem 
PP-b-PA führt zu kleineren Domänen und 
kovalent verbrückter Grenzfläche 
bessere mechanische Eigenschaften
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Reactive blending von PE/PA

Pernot et al., Nat. Mater. 2002, 1, 54 

PE PA
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Kein fliessen f. T>Tm PE
(~80°C)

terminales 
Fliessen
Erst für T~Tm
PA
(~200°C)
 Kontinuität 

der PA-
Phase!

Compat. PE/PA blend (cocontinuous):
Drastisch erhöhte Streckspannung

PE homopol.
PE/PA blend: 
Erhöhung des E-
Moduls

Compat. PE/PA
blend (mizellar): 
drastische 
Erhöhung der 
Bruchspannung
Bei gleicher 
Bruchdehnung

Reactive blending von PE/PA: mechanical properties
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Phase diagram of ternary, compatibilized systems

ϕH: fraction of homopolymer
χ: Flory-Huggins-Wechselwirkungsparameter
N: Polymerisationsgrad BCP
µE: Mikroemulsion

• Komposition konstant 0.5!
• x-Achse: Anteil Homopolymere
• SL: solid-liquid line
• LL: liquid-liquid line

Blockcopolymerdomänen
„aufblenden“

Blend
kompatilisieren

reines 
Blockcopolymer reiner 

Blend
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„Aufblenden“ of PS-b-PMMA

PS-b-PMMA: Liu et al., Macromolecules 2009, 42, 3063 

pristine block copolymer

Period: Lp~15-50 nm
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Image size 1µm

lamellae
µ-emulsion

macrophase
separation

Aufblenden von PS-b-PMMA

PS-b-PMMA: Liu et al., Macromolecules 2009, 42, 3063 

Phase diagram from SEM!
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+

~ 1-100 µm

+

+

~ 20-200 nm

Compatibilization of solar cell materials



Polymerisationsmethoden33Polymermaterialien

ACS Nano 2016, 10, 8087–8096

N
S

N
S

S N

C4H8C6F13

F13C6H8C4

R

n

S

C6H13

n

N
S

N
S

S

H

N

C4H8C6F13

F13C6H8C4

R

S

H13C6

HS

C6H13

n m

donor polymer
acceptor polymer

donor-acceptor block copolymer
= compatibilizer
= „macromolecular tenside“

Compatibilization of solar cell materials
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ACS Nano 2016, 10, 8087–8096

Scanning electron microscopy

30 µm

Compatibilization of solar cell materials
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decreasing domain size

Compatibilization of solar cell materials

ACS Nano 2016, 10, 8087–8096


