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Increasing strength while maintaining stiffness 

How to create impact strength / toughness? 
(…without too much negative influence on stiffness…) 
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Formation of polymer blends 

e.g. mixture PS + rubber 

conventional impact 
resistant PS 

impact resistant PS 
with high stability 
against stress 
cracking 

impact resistant PS 
with high surface 
gloss 

H. Jenne 
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Formation of polymer blends 

impact resistant PS 
with elastomer 
capsules (increased 
transparency) 

impact resistant PS 
with finely 
distributed rubber 
phase (fully 
transparent) 

H. Jenne 

e.g. mixture PS + rubber 
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Influence of morphology on stress-strain behaviour 

e.g. ABS with small rubber particles 

F. Haaf 
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Influence of morphology on stress-strain behaviour 

e.g. ABS with bigger rubber particles 

F. Haaf 
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Influence of morphology on stress-strain behaviour 

high impact polystyrene (HIPS) 

F. Haaf 
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How does the dispersion process works? 

• melt mixing process (kneader, extruder) 

• flow behaviour of components 

• external forces acting on the components 

• theory for suspensions after Taylor (as a first approach) 
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Taylor theory I 

droplet in a shear field 

difference in normal stress 

capillary pressure 

shear field 

• droplet that is dispersed in a newtonian liquid by shear forces 
• no slip between matrix and droplet 

difference in normal stress acts against capillary pressure from interfacial tension 
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Taylor theory II 

• calculation of droplet deformation in shear field 

• balance of forces at the interface 

• deformation droplet towards an ellipsoid 

• ellipsoid oriented along the shear field 

PN = -4GM / f() with 

PN : difference in normal stress 
G: shear rate 
M : viscosity of the matrix 
 = D / M: viscosity ratio 
D: viscosity of the disperse phase 

maximum PN at  = 1 
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Taylor theory III 

• deformation of ellipsoid acts against interfacial tension 

• interfacial tension prefers the spherical shape  

PL = 4 / d 
with 

PL : capillary pressure 
: interfacial tension 
d : diameter of droplet 

breakup of droplet if -PN >PL  

dmin  f() / GM 

domain size decreases with decreasing interfacial tension 
and with shear rate and matrix viscosity 
smallest domains at  = 1 
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Breakup of droplets in non-newtonian media 

• polymer melts have also elastic properties! 

• unknown if droplet breakup criterion is valuable in visco-
elastic polymer melts 
• elongated particles can also be stable 

• dispersion not proportional over whole range of shear rate  
• elongated morphology at  = G > 104 Pa 

• extrusion systems with high shear rates can promote formation of 
elongated particles 

• influence of extensional flow 
• low molecular weight systems: almost no dependence of droplet size 

on  

• coalescence 
• dynamic equilibrium assumed, but no quantitative prediction 
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2-phase morphology 



14 www.leibniz-inm.de MC07 Techn Polym & Komp – C. Becker-Willinger – Saarbrücken – WS 2019/2020 

Control of interfacial adhesion 

blend from 30 % PE and 70 % PS 

D.J. Meier 

PE shows 
shrinkage due to 
crystallisation 
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Copolymers as compatibilisers 

phase A phase B 

monomer A 

monomer B 
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Control of interfacial adhesion 

D.J. Meier 

blend from 30 % PE and 70 % PS 

addition of 0.5 % SES as compatibiliser 
(styrene-block-ethylene-block-styrene copolymer) 
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Compatibilisation reactions in the polymer melt 

PP / PA-6 70 / 30 

reactive compatibilisation with 2% Bisethoxybisphenol-A-diacrylate 

J. Rösch 
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Disperse phases for polymers with matched yield stress 

stretched un-stretched 

PP 

PA-12 

PA-12 yield stress adapted by use of plastisizer 

J. Rösch 
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2-phase morphology 
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Formation of disperse phases with core shell structure 

PP / PPMSA / Macromelt / PA-6  65/5/5/30 

stretched un-stretched 

debonding 
+ voiding 

J. Rösch 
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3-phase morphology 
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Influence of compatibiliser 

PP / PA-6 blends 

0% PPMSA 5% PPMSA 

J. Rösch 
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Influence of compatibiliser 

PP / PA-6 blends 

10% PPMSA 20% PPMSA 

J. Rösch 
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Interfacial adhesion 

PP / PA-6 70 / 30 

J. Rösch 

no compatibiliser 
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Interfacial adhesion 

PP / PA-6 70 / 30 

2.5 % PPMSA 10 % PPMSA 

J. Rösch 



26 www.leibniz-inm.de MC07 Techn Polym & Komp – C. Becker-Willinger – Saarbrücken – WS 2019/2020 

Core-shell-type disperse phases 

PP / PA-6 70 / 30 

5 % EPM-g-MSA 10 % EPM-g-MSA 

J. Rösch 
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Core-shell-type disperse phases 

PP / PA-6 70 / 30 

J. Rösch 

20 % EPM-g-MSA 
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Mechanical coupling model 

core-shell particles PA-particles with elastomer inclusions 
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Young‘s modulus of isolated PA-particle 

PA-particle with elastomer inclusions 

core-shell particle 

vol.-% elastomer in blend related to 
30 vol.-% disperse phase 
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Core-shell or PA with elastomer inclusions? 

PA-particles with elastomer inclusions 

core-shell particles 
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vol.-% elastomer EPM-g-MSA 

PP / PA-6 70 / 30 
+ EPM-MSA 
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Phase inversion 

PP / PA-6 / EPM-g-MSA 60 / 30 / 10 

PP 
PA-6 + EPM-g-MSA 

J. Rösch 
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Possibilities to influence stiffness / toughness relation 

small homogeneous domains stiff elastomeric shells 
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SEBS-g-MSA as compatibiliser and elastomer component 

J. Rösch 

PP / PA-6 70 / 30 

5% SEBS-g-MSA 5% SEBS-g-MSA 
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SEBS-g-MSA as compatibiliser and elastomer component 

J. Rösch 

PP / SEBS-g-MSA / PA-6  50 /20 / 30 
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Morphology of the crazes 

polystyrene 
Mw: 97.000 g/mole 

 = 25 % 

S. Wellinghof, E. Baer 

tensile load 

crack propagation 

craze 

polymer fibrils 
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Crack propagation in HIPS 

F. Haaf 
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What is determining toughness in rubber toughend 
polymers? 

S. Wu, 
Polymer 26 (1985), 1855-1863 

10 wt.-% 

15 wt.-% 

25 wt.-% 

rubber particle diameter d / µm 
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How can the results be explained? 

S. Wu, 
Polymer 26 (1985), 1855-1863 

Particle concentration model 

Interfacial area model 

Interparticle distance model 

 Tc = 0.304 µm 
 Nc = 0.831 µm 
 Ac = 1.508 µm 

rubber volume fraction r 
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Interparticulate distance seems to be important 

S. Wu, 

Polymer 26 (1985), 1855-1863 

plot against matrix ligament thickness (derived from TEM analysis) 

reduced critical rubber diameter dc / c 
against rubber volume fraction 
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Estimation of the mean interparticulate distance  

estimation for a 
simple cubic packing 

Determining parameters 
particle size: d = 2r 
filler content:  
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mean matrix 
ligament thickness 
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Interparticulate distance as important dimension 

S. Wu, 

J. Appl.Polym.Sci 35 (1988), 549-561 

large particles small particles 

size effects 

agglomeration effects 
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V = 1 cm³ 

k = 1 cm 

k = ½ cm 

k = ¼ cm 

k = 1,25 mm 

V = 1 cm³            A = 24 cm² 

A = 12 cm² 
V = 1 cm³            A = 48 cm² 

A = 6 cm² 

V = 1 cm³ 

Large specific surface area in case of nanoparticles 

large interface between nanoparticles and matrix 
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Interfacial layers in nanocomposites 

higher order 

lower order 

Interfacial layer with 
significant volume fraction 

Volume fraction interfacial layer on overall matrix volume 

10 100 1000
0

10

20

30

40

particle size d / nm
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] 
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o
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Annahme: Grenzschichtdicke g = 2 nm

  = 0.02

  = 0.05

  = 0.10

  = 0.15

[AIL] = [/v(1-)]*(V-v)*100 
: filler volume fraction, d = 2*r: particle size, v = 4/3*r³: particle volume 
V = 4/3*(r+i)³: volume particle + interfacial layer, r: particle radius, i: interfacial layer thickness 

d i = 2 nm
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Interfacial layers in polymer matrix composites 

PE / silica 

SBR / carbon black 

K. Kendall,F.R. Sherliker 

VB: volume bound polymer 

VF: volume filler 

dF: diameter filler particle 
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Example of a trans-crystalline layer on a fibre 

PA-6.6 trans-crystalline layers (5-23 µm wide) on Kevlar fibres 

R.H. Burton, M.J.Folkes 
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Overlap of interfacial layers in dependence on filler 
aspect ratio 

epitaxial growth of crystalline matrices 

no overlap overlap 

F: filler volume fraction 
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d 

The attraction of nanoparticles 

no light scattering if d <  / 20 

new options for optical applications 
nanoparticles in transparent matrix 

Solid state physical properties + polymer processing techniques 
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SiO2 – nanoparticles used for following example 

200 nm 

Nissan MA-ST 
d90 < 15 nm 
colloidal SiO2 

in methanole 

TEM – micrograph from the unmodified 
diluted dispersion 
primary particles separable 
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particle synthesis bottom-up from liquids 

• chemically controlled precipitation process 
• control of nucleation (Gn, GD, N) 

• control of particle growth (GG, GD, S) 

point of zero charge 

𝐼 = 𝐴ℯ
−(Δ𝐺𝑛 + ∆𝐺𝐷) 

𝑘𝑇
 

𝐴 = 2𝑛𝜐𝜐1/3
𝑘𝑇

ℎ

𝜎

𝑘𝑇
 

with 

key point: control of electrostatic / steric / electro-steric stabilisation 
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Stabilisation an destabilisation 

electrostatic 

steric 
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Adsorption of macromolecules on solid surfaces 

brushes flat 

un-
disturbed 

coil 
loops, 
traits 

spheres, 
collapsed coils 

thickness 
adsorbed 

layer 

adsorbed 
mass 

molar mass 
adsorptive 
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Principle of steric stabilisation 

a)

b)

Lösungsmittel
Diffusion

Lösungsmittel
Diffusion

diffusion of solvent 
molecules 

diffusion of solvent 
molecules 

…if particles approach and 
tend to agglomerate… 

…solvent pushes them 
apart… 

stabilising 
polymer chains 
adsorbed on the 
surface of the 
particles 

overlap of segments of 
stabilising polymer 

chains lead to:  
increase of osmotic 

pressure (= driving force) 
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Interfacial adhesion with rigid particles 

C. B.-W. 

low interfacial interaction high interfacial interaction 
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Interfacial adhesion with rigid particles 

C. B.-W. 

formation of thicker elastomeric interlayers 
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Interfacial adhesion with rigid particles 

C. B.-W. 

formation of thicker elastomeric interlayers 
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• silanes 
• acidic 

• basic 

• non reactive 

• polymerisable 

• polycondensable 

• adhesion 

• anti-adhesion 

• hydrophilic 

• hydrophobic 

• -di-ketones 

• complexing agents 

• chelating agents 

• oligomers 

Compatibilisation by surface modification 

R 
R 

R 

R 

R 

R 

R 

R 
R 

10 nm 

1 nm 
SMSM-principle: Small Molecule Surface Modification 

R 
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Thermodynamics in nanocomposites 

compatibilisation step to overcome the interaction forces 
between the primary particles (by smsm-principle) 

polymer matrix 

primary particle 

agglomerate consistent out of 
several primary particles 

well separated primary particle 

surface modification layer to protect 
primary particles against re-
agglomeration 
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Specific surface modification of SiO2 nanoparticles using 
alkoxysilanes 

H3COH+

+SiO2 Si O

HO

H

OSi

O H

OSi

Si

O

O

H3C

H3C O

CH3

R

Si

O

Si
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O

H

O

Si

Si

O H

O
CH3

O

CH3

SiO2 R

Katalysator,
Wasser
+ water 
+ catalyst 
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Compatibilisation by surface modification of the SiO2 

H3CO

H3CO

Si O

CH2

CH3

O

OCH3

H3CO

H3CO

Si O CH3

O

OCH3

APTS MPTS

compatible compatible + polymerisable 
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TEM – analysis on ultramicrotomed specimen from PMMA / SiO2 
nanocomposites  

2 Vol.% 

5 Vol.% 

unmodified SiO2 MPTS / SiO2 APTS / SiO2 

Compatibilisation 
concept 

= valuable 

morphology on 
ultramicrotomed 
specimen  

unmodified SiO2: 
agglomerates > 100 nm 

 
APTS/MPTS – SiO2: 
agglomerates consisting of 
2-3 primary particles 
 < 30 nm 
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Structural model after SAXS – analysis 

Investigation of the agglomerate formation mechanism of the SiO2 –particles 
During composite preparation 

Primary particles 
before 
dispersion 
in monomer mixture 

without 
modifier 

with 
modifier 

Primary particles 
after 
dispersion 
in monomer mixture 

State is frozen during 
polymerisation 

D = 1,75 Diffusion controlled  
cluster-cluster aggregation 

minimisation of the interfacial free energy 


