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P Classification of polymers: General view

INM®

polymer
natural
polymer
poly- : thermo-
. rubber proteins :
saccharides plastic
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P Formation of polymers: Different reaction pathways

polymerisation

stepwise growth
reaction

poly- poly-
condensation addition

B. Tieke
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P Mechanism of stepwise growth polymerisation reaction IN M‘

o)

By, & \\C—N/R
M\N‘TC‘—_‘O 5 /N/ —’/\/\N/ \H
' H
)
A + B > A-B
A-B + A-B > A-B-A-B » A-B-A-B-A-B-A-B ...
A-A + B-B > A-A-B-B » A-A-B-B-A-A-B-B ...

‘ stepwise increase of Mw: monomers, dimers, tetramers, ...

‘ high molecular weight only at high conversion rates
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‘ fast chain growth

‘ high Mw already at low conversion rates at the beginning

‘ high Mw polymer and unreacted monomer existing in parallel
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N Classification of polymers according to number and
arrangement of monomer units

INM®

homo-
polymer

co-
polymer

ter-
polymer

random

alternating

-AABAAABB -

B. Tieke

-ABAB -
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Molecular weight distribution of synthetic polymers: ‘
Schulz-Flory distribution I N M

amount of polymer

Average molecular weight
Mn _ TNM,
R ] Weighted by number-
2N

» osmometry, GPC, vapor pressure osm.

2
M. = ZNiM" Bl weighted by mass
» light scattering, viscosimetry

z-average

molecular weight M fvi ZN,-M,-3 _Zw,-M .

ZN,'M,'Z ZW,M

polydispersity = — |
M;, » sedimentation by centrifugation
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P Polymer molecules are random coils I N M‘
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random coil

B. Tieke
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P Random walk

random walk chain of 32 steps

Elias
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P Conformations |

CHz H CH3
P H _H
" " o S
3
¢‘r = CH3 ’ —
H H " H
N H H H
~ H CH,
CH3
(a) (b)
Staggered Eclipsed
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P Conformations I

* potential energy V(¢) as a function of dihedral angle ¢

CH T CH, T CH,

V(¢)/kJ mol™*
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P Chain mobility IN M‘

e cones of revolution available to the 3. and 4. bonds of a simple carbon chain
» fixed bond angle 6

Elias
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P Random coils I N M‘

* random arrangement of PE containing 1000 freely rotating C-C bonds
* successive bond: random choice of 6 equally spaced angular positions

VAT A
D VY
X7 ‘ S
A2y
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Treloar (1958), Physics of Rubber Elasticity
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P Relations between dimensions of polymer molecules I N M‘

* Dimensions of polymer molecules
* e.g. linear PP: M, =3*10° g/mol

=~ 10.000 monomer units
"« stretched chain = 2.5 m

* folded chain

* thread end to end distance (F) =30 nm

Radius of gyration (T) 212 nm
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P Classification of polymers according to structure

15

INMi

linear

branched

-AAAAAAAA -

B. Tieke
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P Classification of polymers

16

A it S |

a/  linear chains |

oyl homopolymer

al i random-copolymer

o) o E-E-E-E-0-0-8-8- - H - :

4 block-copolymer

P i ol mly sy SEe iy ole oy oo '

o alternating-copolymer
4} chains with branches s

by} M—W

sase branched homopolymer
fp) ween
graft copolymer
1
C, —li i a o
¢/ cross-linked chains wide-meshed cross-links
between linear chains
cil
close-meshed
cross-links
ool svee between linear
chains

INM®

thermoplastics

thermoplastics

elastomers

thermoset resins
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P Stereochemistry in e.g. polypropylene I N M‘

isotactic

syndiotactic

atactic

17 MCO7 Techn Polym & Komp — C. Becker-Willinger — Saarbricken — WS 2019/2020 www.leibniz-inm.de



Characterisation of polymer matrices: Determination of ‘
> funct de cha M
functional groups and arrangement of side chains

|
CH,, CH, |
| SN

o M. |
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H.G. Elias
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P IR-spectroscopy on linear and branched polyethylene I N M‘

CH,, CH,
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a: linear polyethylene b: branched polyethylene
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P IR-spectroscopy: Detection of stereochemistry I N M l

(b) W (c)
(a) 675
965 995 940
740 S — e e =
T 1200 1000 800 1200 1000 800
200 1000 600 wavenumbers / cm? wavenumbers / cm?

wavenumbers / cm

cis —poly(1,4-butadiene) trans —poly(1,4-butadiene)  poly(1,2-butadiene)

‘ different C-H bending vibrations of polybutadiens with different stereochemistry

Infrared spectroscopy (IR) can be a powerful tool for structural investigation

H.G. Elias
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P Crystallinity in polymers IN M‘

X-ray diffraction

old micellar model = not true (e d: lattice constant
0: Bragg's angle

B. Tieke
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P Some typical crystalline polymers I N M‘

13

a

O_; O—; ‘ o
as helix

b /

syndiotactic polypropylene
/ fraf)
all-trans chain ‘{?_4‘
—ag 2 o

crystalline polyethylene
a=0.741 nm
b =0.494 nm
c=0.255nm

all-trans chain

B. Tieke
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P Typical diffraction patterns and crystalline structures

oriented isotactic

partially crystalline

poly(butene-1) polyethylene
T A
T [
T [
, I T
_, - T T
-+ I T
ideal lamellar fibrillar lamellar
lattice lattice

B. Tieke
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INM*

G. Trafara

amorphous atactic
poly(octene-1)

N

oriented
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paracrystalline
lamellar lattice
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P Crystallisation of polymers from molten state I N M‘

WS ) 4 T frayed bundle spherical
i AN YA B el spherolithe
PERT - SR e U
Wi s ""%.4%-’ ﬁ
. ql" ?" 3 \\
Detat@nd L a L I ' f frayed bundle flat lamellar

Vv, W 28 ; » Wt J
spherolithes from 200 p
polyethylenesebacate between
crossed polarisers

]

spherolite radial fibril cryst. folded lamella

—_—

radial orientation fibril

amorphous area

_ scheme for chain arrangement in
B. Tieke spherolithes buckled crystalline lamellae in a HDPE

spherolithe
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P Structural models of polymers

a) 4-fold cross-linking point (covalent bonding)

b) 3-fold cross-linking point (covalent bonding)

c) entanglement (non cross-linking polymer)

H.G. Elias
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P Deformations on the molecular level during tensile load IN M‘
 C—
‘__\__\\‘-"’f
. Dtg
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P Deformations on the molecular level during tensile load INMI I

—
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P Melting temperature T_ vs crystallisation temperature T, I N MI |

example:
poly-propylene-oxide

CH3 CHS

LY

\(\O/\/O\(\o/\
CH; CH;

identification of melting temperature at equilibrium state (= infinitely extended crystal) T °

B. Tieke
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P Factors influencing melting point of polymers

steric effects: bulky side groups

Polymer T [K]

fcH,-cHi 399
G
CHs

- 418
fcH; ?H}n
CH
/ N\
HsC CHj

_ECHZ_?H%, > 593
HyC~C~CH
CHj

aber:
-ECHZ—(IDH}n <390

(?Hz)
CHj
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P Factors influencing melting point of polymers

30

—

Polymer T [K]
fCH,—CH- 01 340
fCH,—CH> - 410
feH—cH~O)E 670

0 R
fc C-0-R-04
R= —CHy;—CHo— 538
R= —CHg—CHz—CHz— 493
R= —CH2—(I3H— not crystalline
CHs

MCO07 Techn Polym & Komp — C. Becker-Willinger — Saarbrticken — WS 2019/2020

INM

www.leibniz-inm.de



P Factors influencing melting point of polymers

steric effects: geometric isomers

Polymer Tu[K]
_CHs
cis-Polyisopren /CH = C\ 262
+CH> CHz1-
f 5 /CHZ}
trans-Polyisopren CHy CI; a 421
CHj;
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P Factors influencing melting point of polymers

32

Polymer T [K]
-ECHQ—CHzﬂ;' 410
-ECHz—gHﬂ;' 590

CN
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> Determination of T, and T, : specific volume in
dependence on temperature

gro'c

amorphous part

T..: melting point partially

amorphous
polymer |

| partially
crystalline

crystalline polymer

specific volume V

T _0: melting point perfectly

crystalline polymer

perfectly
crystalline

B. Tieke
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> Differential thermal analysis (DTA): Determination of T, *
and T I N M

DTA —signal under constant heating

T,,: melting point

T.: re-crystallisation temperature

DTA T,: glass transition temperature
Endo-
sample  reference thf"m T
"B T —> AT
L 7 -
Q T
\/ l g |
oven SRR
Exo-
therm : Tc, : ' :
300 350 400 450 500

B. Tieke TIK
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> Differential scanning calorimetry (DSC): Determination ‘
of T,and T, N M

DSC —signal under constant heating

rd . 0
T.,: melting point
oen JLiggfrairiipy -
/’ N J T.: re-crystallisation temperature
separate heating of sample [z Y : o
AT 20 T,: glass transition temperature
exo- T.: re-crystallisation
thermfl ‘ decomposition
dH
DSC — :
dT T.: melting

~——

N

endo- | Tg: glass transition

thermal

B. Tieke
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N Molecular dynamics of polymers:

Crankshaft motion at T, I N M‘

20
5/-'“\1’“0 7 T\ j
’/ / Q T, = 2nd order transition
_(oH - 1 oV c,: specific heat capacity
Cp = ST . V\3&T 5 o: coefficient of thermal expansion

B. Tieke
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P T, and the concept of free volume

V:: free volume
V,: volume of the polymer chains

V¢*: frozen free volume

il glass transition temperature

f: volume fraction

specific volume V

a,: coefficient of thermal

expansion for free volume

glassy state molten state

) 5V
Vf=Vf+(T_Tg)[ﬁ] f=fg+(T—Tg)af f=Vf/V
B. Tieke fo= V7V
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P Factors influencing glass transition temperature

voluminous substituents

Polymer Tg [K]
FCH—CH - 188
—ECHZ—CHE|71 373
—ECHZ—CH—];' 408
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P Factors influencing glass transition temperature

flexible substituents

Polymer Ty [K]
—ECHz—cle—}n 253
CHs
-ECHZ—ICH-};, 223
(CH2)3—CHs
{—CHZ—?Hﬂ; 279
COOCH;
_ 218
+CH, (PHE’,;
COO—(CHy)3—CHg
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P Factors influencing glass transition temperature

40

polar supstituents

Polymer Ty [K]
-E-CHQ—CEH—]; 253
CHs
-ECHz—cl;H-h 354
Cl
—ECHQ—?H-]; 378
CN
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P Factors influencing glass transition temperature

41

Polymer T, [K]
o
tsi-of 150
CHs
—ECHQ—CHz—];7 188
'E©—O‘©’Soﬂ7, 523
{@CHZ_CHAZ 553

+ additional network points: Tg T

+ additional branches: Tg J
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b Glass transition temperature T in dependence on
molecular weight M

460 -

— K: const.
— M: molecular weight

— T, glass transition
temperature at
infinite molecular
weight

10°/ M,

B. Tieke
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P Influence of plasticisers

I\
33 polystyrene

Ty /K

: naphthylsalicylate
: tricresylphosphate

: methylsalicylate
: methylacetate

73 +—>—77-

0 0,2 0,4 0,6 0,8 1,0

Xw
X,,: mole fraction plasticiser

‘ larger range between T, and T, achievable
B. Tieke
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> Melting temperature T . vs glass transition temperature

T, of different standard polymers

600 7 p
»
500 blcick-co- // ® °
Tm /K polymers ..// .. . /,/
400- S A r=08Th )
s
3001 2 It
/, at
// //
2001 A 4
/
/ /
1004 / ,/ random co-
,,,:/ polymers
0¥ : ; . .
0 100 200 300 400 500

B. Tieke
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P Temperature of use?

y N y N
: -
B - 1, 2 ! 4 3 5
— ‘ N |
i | | ____3___________[___5__-_'___5__
:\____, \ ; i
© | |
o ! ,
S~ | | -
w | . TN
"-‘ ':| E | 5
ED Lo i pC _.q"” - I I .—"!{"“ I T T TT T S ll ....................
F — J ——
amorphous plastics partially crystalline elastomers
T8 60-260°C <0°C o
Ten £2.330°C } <0°C
temperature of use below Tg between Tg and Tm above Tg / Tm
plastics are hard medium hard soft
elastic modulus > 3000 MPa > 2000200 MPa <100-25 MPa
i > B80-30 MPa 70~15 MPa <20 MPa
maximum strength < 2-4%, PVC > 10% bis 20% Streckdehnung, 600% Bruch-|  entropieelastisch 100100000
extension bei Bruch dehnung; vollverstreckie Fasemn 1-3%0,

45
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op <10 MPa

1: glassy 2: partially crystalline 3: elastomeric

4: pseudoplastic / viscous flow 5: thermal decomposition
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P Temperature of use? IN M‘

£ S

polycarbonate (PC) [@l Sz e Aoy el mw e

Cellulose-acetobutyrate (CAB) [ Stz e mes To i /T

po en % g - f{s
pOlyethylene (HDPE) l""

polymethylmethacrylate (PMMA) r I ey PR -
E7
polystyrene (PS) F- RIS RN ]
ET
polyvinylchloride (PVC) hard } Ry F R &5
polyvinylchloride (PVC) soft } R F7 EEECEEE L EEE—
&7 glassy state 0 B0 00 50«00 +2%0°C 4300
] partially crystalline - rubbery state
- optimum heat forming thermoplastic processing
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P Definition of variables for shear deformation I N M‘

Sl L g
7 SN
y /! /7
i 7
/7 7
a # J
= /’ /
/ / / /
/ / /
Bk A maEr
/ / / /
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/ /
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P Tensile: Relative length change

48

---/-,l -7—/7| T F2
/ :F -y :F /jl-,;
O —= L= AR
{ Al || Al o |
[ ¥ )k 22 ----ir' /
7 | | /’ y
_'V/ | I V4 | ,/
I'-— = S P e
0o I I
AL
relative
/thlckness
change

Ad/d
for polymers below T,
relative u=0.35

length
change

near T, p > 0.3
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> Behaviour of brittle and ductile thermoplastics in tensile *
experiment M

C A E: elastic modulus (Young‘s modulus)
Oyielg- Stress at yield point

O max. Maximum stress

eg: elongation at break point

O max <

yield

brittle

ductile

>

€ €g e
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P Deformation with low speed: Tensile experiment IN M‘

# {  Yield point
A
/

- — Break point
B

L !

\L 7

Energy required for tough fracture

=

Energy for
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P Deformation with low speed: Tensile experiment IN M‘

A /
l |
,/ C D
/ N\’ \
I | i
B/ |
@ |
2 e g T e
= 'Neck growth [
.E.,
kT
A -

Extension

51 MCO07 Techn Polym & Komp — C. Becker-Willinger — Saarbrticken — WS 2019/2020 www.leibniz-inm.de



P Micromechanical mechanism on the molecular level

52

B. Tieke

formation of
start of crack fibrillar
formation structures

non deformed tilted
crystalline areas | polymer
chains

increasing deformation
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> Mechanical properties for different types of samples in ‘
e.g. tensile experiment I M

A

:

M partially crystalline

polymer

elastomer

>
€

B. Tieke
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P Deformation with high speed: Impact behaviour

54

INM*

Impact testing

Pendelstange
Pendelhammer

Querjoch Schlagrichtung
R

=

Auflage fur — [:5=w- -~ Linspannbock
Querjoch =S B

7 -
Probekorper
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P Impact testing: different testing modes

Charpy

A)
Prc}?ekﬁrper-
SLISS, Auvflage
Pfﬂb:?k&?’ﬂé‘fﬂ = {waagerecht )
ﬂﬂ.’ﬂg&///; B 7
— Probekarper
Herbe —> q Pendelkopf
Probekorper-
S — " Auflage
Probekarper | (waagerecht)

An!ag%

Il polymers = visco-elastic materials !!!

B) Pendelkopf
Probekorper &
/Herbe
777777777 e
;Efnspannﬂng,r;; Qﬁnspannun‘q\\

/ A
/fesrer Teil

. beweglicher Teil

7

S

N

_

Il time plays an important role !!!

\‘\\\\\
RN
N\

AN\

impact strength # strength from low speed experiment
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