5.1 Molecular motions of polymers
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5.2 Viscous flow of polymers
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5.3 Glass transition of polymers
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Time Dependent Behavior — Example: Silly Putty







Stress relaxation
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Relaxation Time Originates from
Viscoelastic Properties of Polymers

» Elasticity and viscosity

»Hooke’s law describes the behavior of a linear elastic solid and

Newton’s law that of a linear viscous liquid:

Spring as a model:
Modulus: E

> Hooke’s law: o = E¢

Dashpot as a model:
Viscosity (K ) n

» Newton’s law: o = n(de/dt)

o : stress (B /7); &: strain (MZF)




Phenomenological models for linear viscoelasticity

Elasticity Viscosity

— Viscoelasticity ?

c =Ee¢ c = n(de/dt)

Model | - Maxwell model Combining the spring and dashpot in series

Model 11 -VOigt- Kelvin model Combining the spring and dashpot in parallel

Model 111 — Burger’s Model combining the Maxwell and Voigt elements in series




[ Elasticity + Viscosity = Viscoelasticity ?

Model I: Maxwell Model
o

o —E. ¢ de;, 1 do
1 me1 dt Em dt O =0,=0,
on.e1 Em >
_ de, o
G, = 1y (de,/dt) dt = - ) e=¢g+¢g,
02.¢2 Mm d(c: . 1 dO‘+ (@)
I dd E,  dt n
. do E
For stress relaxation, de/dt =0, —=——"11(t
o M
_Em
Attimet=0, = o, o t):O'oexF) ; L
m
Relaxation time: 7= n,./E,.: o (t) =0, EXP (?j
t
pobe E(t) =20 g e




‘Maxwell Model fails to describe Creep

de 1 dc7+c7
dt E_dt 7§

de 1 d00+00_00

dt E_ dt 7 7

For creep, o = oy,

the “creep” behavior of viscous liquids.
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Model Il - Voigt-Kelvin model

Total stress: o= o, + 05;
strain: &= ¢, = ¢,

o, =E., & ’
o }:{) 0,10, =0 =Eg4n,
. - % dt
2 m dt
En T

For stress relaxation,de/dt =0, o =E_¢g,

It fails to describe the stress relaxation behavior.

de
For creep, o = o, o, =E,e+1n, e
Attimet=0,6=0, & g(t) — ﬁ(l_e_(Em/”m)t)
Em
Retaxationmtme: P (t) — ﬂu /1_ e—t/r
Retardation time 7= n,/E,,: E ( )
m
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Model Il - Voigt-Kelvin model

Creep compliance e(t) oy = %/Go (1_e-t/f)

m

D(t)=D(w)(1-e"")

For creep recovery, o =0, 0=E,e+n 9%

dt
8('[) = g(oo)e_t”
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Model 111 — Burger’s Model

» For creep, o =0y:

o, O B
El’gl 8(t):81+82+83:—0—|—_0(1_e t/T)_|__0t
E. E
1 2
where 7= 12
E,
EZ’ & 4
M2 & - &3 recovery
3 - — g
| B ~<-]IN P e e
| &
M3 &3
' : | N I :\. .'\:x
1 T K
(e) 0 1 ' T A |
0 2 4 6 8 10 12
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Dynamical Mechanics Analysis
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‘ Complex Modulus: As “Solid”

o =0,sin(wt+5) o (t)=o,sinwtcoss + o, coswtsins

v v

synchronization asynchronism

v v

Modulus of Modulus of
synchronization part asynchronism part

E'= [ﬁjcosé E" = (ﬁjsin6
80 80

ExE+E"
En ~ = R

E=E+E" of E*=E'+iE"

g B AR

E' i [F0 LA R B



‘ Complex Viscosity: As “Liquid”

£=¢gsin(ot) o(t)=0,sinwtcoss +o,cosmtsing

\ \ \

. & . L
y = E = £, COS (a)t) asynchronism synchronization

Viscosity of Viscosity of
asynchronism part synchronization part

n"z[ 90 jcosé n':[ 9o jsin6
£, E,M

E-:[ﬁ]coss Il ;E--:[ﬁjsms
Eo Eo
E' E"

7/]Il: nI:
(6 a
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For dynamic mechanics

de 1 do o
Model | - Maxwell model = o =0,
dt E, dt 7,
de(t - - .
a ): %0 jmeit + 22 gt =| Z0jgy 4+ 20
dt E. n. E.
O, . O ;
de(t)dt = —°|a)+—°je""tdt
j (1) I£Em M
£ Ao (t) _ E,0%t’ i E. ot
Ag(t) 1+w?rt? 1+ w?r? Ine

Model Il - Voigt-Kelvin model

Complex compliance

D* =

de

t

c=E,e+n,— £ =g, "
1 1 _idt w7
E* E,(l+0’r’) E,(l+o’’)
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‘ General Maxwell Model

For stress relaxation relaxation time spectrum (¥4 5t 8] 3%)

E(t) = Eie—t/ri H(t)=7f(7) )
Eit;—f%f(r)e”fdf * E(t)=] H(r)e"dInz
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Viscosity & Relaxation Modulus
E (t)=Ee™'" n =7.E

E(t)=) Ee™"

j: E, (t)dt :j: Ee"dt=F, j: ¢t =Er, =y
n=Zm=ZI§o t)dt = J ZE Het= j

n(T):j:E(T,t)dt



General VVoigt Model

retardation time spectrum (FE3R i JA])

D, ()= L(r)(1-e" )dInz

—Qo0

For creep

For creep recovery D, (t)= [ L,(z)e""dInt

For dynamic mechanics
2

Ew’r? . E.wr.
ral Maxwell Model E*= ) ———+i —
General Maxwe 0 Zi:l+a)zri2 Zi:l+a)2ri2

or

General Voigt Model D*= Z E (1+a) . )_'Z (

1+60T)
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Viscosity & Modulus & Relaxation Time
Solid Elasticity(short)  Liquid Viscosity(long)

c =Ee¢ o = n(de/dt)
Viscoelasticity of Polymer
7=/ E; i-th movement mode

Modulus vs Relaxation Time
E(T)=2E(T)e™  mmmm) ETt)=[ H(Tc)e"dIne
. g relaxation time spectrum

Viscosity vs Modulus

1. oscillatory shear

n'(T,0)= E(Z)w) n"(T,0)=

E'(T, )

6,

2. static shear
n(T):j:E(T,t)dt



5.2 Viscous Flow of Polymers

> The rheological properties (2 R) of
nolymers is extremely important for
Dolymer processing

Rheology: The study of the deformation

and flow of matter.
Strain
Stress

™~

Velocity

25



Characteristic of polymer viscous flow

1. BB HIRS) LA THIIER
2. AP & HHE R RS E
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dy . Bingham
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Pseudoplastic
o=Ky" < Dilatant

Newtonian
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‘Shear thinning (34125 %)
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3. BRI R A
Time-dependent shear stress and primary normal stress
difference after start-up of steady shearing

103

Shear Stress o [N/m2]
Primary Normal Stress Difference N4 [N/mZ]
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Relaxation of shear stress and primary normal stress

difference after cessation of steady-state shearing

Shear Stress o [N/m?2]
Primary Normal Stress Difference Ny [N/m2]

105

10

T=150°C

10-2

1 1
10-1 100 101 102
Time, t [s]

103
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3. P R

/E

» Consider a steady simple shear flow

R

20

> Die-swell (& HKK)

Die-swell

d/d,

7

Shear force QJ\@V
R

10

s '

107! 10° 10! 10? 10°

shear rate atwall [s™']

Without
 —

Shear force

Extrudate swell
observed for a melt of
PS for various shear
rates and temperatures.
(Burke, J. J.; etc.
Characterization of
Materials in Research,
Syracuse Univ. Press,
1975.)
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Melt flow index (MFI)
ASTM D1238

DIN 53735

Corresponds to simplyfied capillary
viscometer (see practical course)

Fig.4.12. Schematic diagram of an extrusion
plastometer used to measure melt flow index.

Polymer granules in heatable cylinder.

After melting extrusion through standard capillary by standard
weight

Melt flow index: polymer weight in grains/10 min.
extrusion time
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Characterization of viscous flow

B 2 ah 7 2\ K53

—
—A/\ J%')'

AT A (2T ) 77 3

a. BIVII3N (EAR)-shear viscosity n, b.HifH i 5 (FE28)-tensile viscosity 7,

velocity gradient

C. Eéfﬁlfizab(ﬂzﬁ) bulk viscosity

e <

for incompresible fluids n,—o
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‘ Melt viscosities of polymers
shear viscosity 54 1]k & Al .
773:65(7/)—(7 /(de ’

Y0 dh

extensional viscosnyhﬁﬂ*ﬁfh
0'(é
U

= apparent wscosﬂyi‘%ﬂ)ﬁ'ﬂl‘ﬁf
n.=1(7)= MZ“’(QJ
y

a differential viscosity/# 7y Fk & o =o,sinot ¥
_do(7)
77(; o dy
s complex viscosity & Hokh B (325 J7157)

g=¢g,sin(wt—3)

n*=n-in"

E=¢goosin(wt—8+m/2) 4



SHEAR
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Shear Rate Time

Improves stability in extensions flows
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108
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Measurement of shear viscosity

Cone-plate viscometer (#EA5KL E11)- an example

My—~ 'l
I
— S ’ll—l/
R R
0
h=rtana =~ roa 4
7:dV:ra):Q ‘/h
dh ra «
o 3M
27 R’ —
o M 7R3
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‘ As liquids: The flow curve of polymer melts

- N E VIR E
0’1

disentanglement

7/ [l
entanglement _
orientation

P . .. -




1, dependent of M

» Critical molecular weight at the
entanglement (Z£45) limit: M,

20
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Poly (di-methylsiloxane)

Poly (iso-butylene)
Z Poly (ethylene}

; Poly (butadiene)

~M: (M<M,)
EXp. Mo ~ I\/IV'°;'3~3'4 (I\/I > I\/IC)
Theory 7, ~M*  Rouse Model
1, ~M?®  Tube (Reptation) Model
AN

log (cgnst-77)

Poly (tetra—methyl
/ p-silphenyl siloxane)
., Poly (vinyl acetate)

e —Poly(meﬂhyl methacrylate)

\ /"-——Pdvtethylene glycol
7
//"f +——Poly (styrene)
/ ‘r! /
7
/S
| .A‘ | 1 | L | 1 | 1 1
0 2 4 6 8 10

log (const -M)
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‘ As Solids: Time vs. Frequency vs. Temp at Low Deformations

log G (1) | (a) log G'(w) §
Tex M°
Slope 1/2 Tge M3

(b)

Slope 1/2

T4 M <M M>M 1Ty .
- log W
G(o) ~i IO‘gl Secondary
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Vscosny & IVIodqus In Polymer Melts

Viscosity logn = log =logo, —logy My M* or n o M
A Poly (di-methylsiloxane)
logo: .mgwmg
i

Poly (iso-butylene)
/ Poly (ethyiene)
/ ! Poly (butadiene)
Poly (tetra-methyl
/ p-silphenyl siloxane)
/d‘r‘;’% J Poly (vinyl acetate)
',,.-" [_.='—Po|y(memy| methacrylate)
/J— Poly (ethylene glycol)

I’ +——Paly (styrene)
7 / /
o

0 1
] —3 -2 -1 ¥] 3

10 10 10 10 o 10 10 10 gln R R

s ] 2 4 6 8 10

0 log y cqiEsasy

Modulus
loaG ()} (4 G'(w)d
st | ) Tex M (b)
; Slope 112 Tyo M? Slope 112
: - - {0
3 Glass transition ~ N GN 5|Ope 2
: | ?
! 1 117
‘I, Td M < M M>M' 1T
g - -
Temperature [og t |Og W
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Molecular Theory of Viscous Flow and
Viscoelasticity of Polymer — How to get 7 ?

» Rouse model

» Rouse-chain:

» The chain is subdivided in N ‘Rouse-sequences’, each
sequence being sufficiently long so that Gaussian properties
are ensured.

» Each Rouse sequence is substituted by a bead and a spring.
The springs are the representatives of the elastic tensile
force, while the beads play the role of centers whereon
friction forces apply.

g When a bead is displaced from its
: equilibrium position there are two types of
2 N- forces acting on it: (1) those that result
from the viscous interaction with the
N :
1 surrounding molecules, and (2) those that

represent the tendency of the molecular —
chains to return to a state of maximum

. ; . 42
entropy by Brownian diffusion movement.

Rouse-chain composed of N+1 beads
connected by springs



Potential of a Spring

@ \\\E@

F(R)=k(R-R,) U(R)zik(R—RO)z

Hook's law

Boltzmann Factor
Q ~exp| U (R)/k,T |

Partition Function
Z~> exp| U, (R)/k,T |

Free Energy F=—k,TInZ

43



A Brief Review of Gaussian Model

\\ R
O

e
R,1 <> b Gaussian Segment

IR B KB A W:(Z?’sz exp[—?;rk;j)erxp[— = (m
T B

0o () =z keT (R, -R) G

N N 3 3n /2 1 Ny
SRR @(R):Hw=(2ﬂb2j exp[—kTZuo(rn))

n=1 B n=1

3n /2 U, {rnk} . 2
:(zjsz eXp{ IEBT )] UO({rnk})zzibszTZ(Rn—Rnl)

n=1
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Rouse model

For the Brownian motion of a harmonic oscillator
1

U(R)=ZkR’
2 f: Random force of Brownian Motion
cde:—aU+f:—F+f:—kR+f : :
dt OR Langevin equation

For the Brownian motion of the bead-spring model
1

U (Ri):zk[(RM— R) +(R - Ril)z}
Consideration of the restoring force when a bead is displaced from its equilibrium
position leads to the expression

dR 3k, T OU(R)  3kT

L= = 2R -R_, —R
T b> R b’ (2R~ Ry
dx/dt: the time differential of the displacement of ith bead g
: the friction coefficient of a bead

I: the length of each link in a chain 2 N-
N: the number of the links in a macromolecule
(for N submolecules there are 3N of these equations) 1

)+ 1

i+1
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Normal Coordinates of Rouse Model

%:_ (_Ri—1+2Ri_Ri+1)+

dR, k

—=——(R —-R + 0 +f

R LELY 1

dR k

d—tzz—z(—RlJrZR2 -R,) + 0 +f,

%: 0 —h(—RI1+2Ri—R,+1) + 0 +

aR, _ 0 —E(—Rn_l-l- R,)+ f,

dt 4

1 -1
d_Q:_EZQ_l_ﬂ 'Rl' -1 2 -1 0
dt ¢ . 0 -1 2 -1
Q=| i | 2-

k:3kBT R. 0 1 2 -1

b> P156 of Chapt1-2 -1 1

Rouse-Zimm
Matrix
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Applications of Gaussian Chain Model: Stretching of an Ideal Chain

O=¥Y/Q
BB = SO I
, AS =KInd /D'

cD(h,Ng)—( 3 Tzexp{ thj @(h, Ny )=#(h.N )/ (N, )

2 - 2
27Z'Ng|g ZNgl

# (N, )= (hN,)2(N,) (ZﬂzglzT?Zexp(—ZiI:ZIZJQ(Ng)

3, h 3
M) =gk 27N,

g
+G(N,)

+‘;°kB In( 7)+ks InQ(N,)

h EINR L
G(h,N,)=U -TS ="k, T~

g

BN, 3T

— f =kx
oh Ngl2

HSTA— RS | SRERE=777

f
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Tl 1F (1F D) 25

X =TOQ ALK RSB T (4

TZT = A SHEREARZAG: | 7

a1Q __ K77 TQ +TfI &
dt ¢

dX  3k,T ) KeT | X: AT IEAR bR 2R H
- pre A% X=X )eXp( ;“j (AR i

! b*¢ P o7\
X (t)=X_(0)exp| — —
» (1) =%, (0) p[ Tp) T, 3k, T A, A, = 4sin’ (ZNJ (ZNJ

b’ N°b°¢ 1 1

. . o
T = = ~ N?b“d Terminal relaxation time

P ] 2 I A—
3kBT4sm2(;m kT PP T e T R B A
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The Zimm Model

Eflz: i JEH B0

Rouse Model Zimm Model
gIAMEs H o For il EmAbeadid sl 4 K70 5n 4 bead ™ 4 1 3
V(rn)zz H (rm _rn)° F (rm)

(1
R, :ZHnm —k ou + H =< >
o & R 1

m

Rouse model

(1+7,,F) Zimm model

Oseen Tensor Bz ik & 51



5% . Oseen Tensor

The Momentum Equation of Fluids — Navier-Stokes Equation
oV

pE:nV-G+VP+F(r):nV2v+VP+F(r) U
V.v=0 o
Stokes Approximation: /\\
ViV +VP =—-F(r) 2N
V.v=0
In Fourier Space: V — -ik V2 (-ik)’
_nkzvk —ikPk :_Fk |:> (_nk2vk n Fk )J_ _0
—ik-v, =0 1 n
k, /k\vk (1R Vk:nkz(l—kk)-Fk:H(k).Fk
V v(r)::dr'H(r—r')-F(r')
Vi H(r)= 1 .dkiz(| _lzlz)e—ik'f :L(

| +1T)

(271)3‘ nk 8anr 2,



‘ Estimating The Longest Relaxation Times

Brownian Motion

Friction coefficient f = CV Einstein Relation

.~ 5
\ R2 |2
“’I R? =6Dr, _ ¢ 7”75

T
-> °“8D  6k,T KT
A ke T k,T
Stokes Law § =677, R, Stokes-Einstein Relation | D = R =
67 R, 6zn,D
Rouse Model: Zimm Model:
Ko T
Dy = =N¢ Cznsl D, = ° szng
C R Cs
: e Re=N R? C,R2 nRY )
. & é/NRg Ni N1+20 T = g — Z g TIS - TISI N 30
"RTp T kT D, kT kT k
DR kBT B Z B B BT

) KgT 53



‘ Relaxation times of Rouse-Zimm Model

relaxation time of different mode

Rouse model
NZ 2

Ty = 2b o p~
3K T

= T1 Rouse p”

p=2

Terminal relaxation time

\ szg
U1 Rouse — 372K T

Zimm model in
good or 0 solvent

T, = nN b’ 0¥
KgT

=T giom P

u=3y=9/5 or

u=3/2

- 77N 3Vb3

Tl,zimm o kBT




Rouse-ZiImm model

ForN>>1

Relaxation time for the pth mode:

Tp :’L'lp_
p=12,...,m

» Stress relaxation modulus and
complex modulus (Maxwell-
element model)'

G(t) =nk TZexp(——)
—k Tjdpexp( 2tp* / 7, )
:2 (tj
AT
+

G '(w) = nk Ti{l ; f

G"(w) = wn +nk,T Z
p=1

1+ w rs

p=1

The first three normal modes of a chain

» R-Z model is good for M < M
[n]=0.425"a (f})
Bor) = 0.425NA = 2.56x10%
By =2-2~2.87x10%
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Prediction of Viscoelasticity by Rouse-Zimm Model
Rouse: (u=2 or 11/5) Z1mm: (u=3/2, 8solvents) or (u=9/5 , good solvents)

G@ﬁ_MTzi:w%zJ G%w)cmﬁﬂkTZinJ

2
-I-COT +a)Tp

l. w7,<<1

G'(w) = (a)fl)2 Z P ~w’ G*(w) = (a)fl)z P +on~o

2. w7>>1
R
NC e R G A v
=(on)” 2u sinZZIZH) ot =lon)” 2H C°57([”/2/1) e
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Dynamic Modulus of Polymer in Dilute Solution
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From Maxwell Model to General Maxwell Model or

Rouse-Zimm Model

Maxwell Model

INE(w)

Single Relaxation
Time

log &', log{G" —um,}
[ ] [ =]
I 7

Rouse-Zimm Model

HHBE =33

Linear
superpose of
Multiple 0

Relaxation
Time
Spectrum

Multiple
Relaxation Time
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Relaxation Modulus and Dynamic Modulus of Rouse Model
10°

m t ;
G(t) =nksT > _exp(-—) 107§ ~1/2
T E
p:]- P 0__2 ;
o0 Q - F
:ikBTJ'dp exp(—th2 /rR) (t TR) 1071
N S 10‘4g
1/2 rp 10-5 i
kT( j < 7 F
2«/_ 2N t Tina
-1
C - 1/2 10 E! L
MMW#%LWM
~__ _R _
GO~>J kBT( " ) exp(-t/z) (>>7) 10707107 102 107 10+ 10 106 107
tir.
* —a?x? \/;
Note: _[ e dx:z (a>0) e ng oo

zwmwnojm

(t)
= j dtexp(-2tp? /7,




S0 FiRRAERNSIFESLE
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.
l 5 T AR
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= [j—oj C0S o =[Z—;’jsin5

log &', log {G” —wny)

Zimm
Model

Rouse
Model
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Dynamics Modulus of Polymer Melts (M=t
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Relaxation Modulus of Polymer Melts

log G(t), Pa
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Gif)

Relaxation Modulus vs Dynamic Modulus in Melts
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10E & C U VIOUE! TC glement

Reptation model

(e)
Contour length of the primitive tube: L,

Length between entanglement: a,,
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Microscopic Dynamical Model of Polymers

» Reptation model

Reptation model:

left empty disappear.

((R(1)-R,(0))) = (keTb’r,£ )" =,

*
’0

Relation of entanglement and

Decomposition of the tube
resulting from a reptation
motion of the primitive
chain. The parts which are

Define the contour length of the
primitive path L

Ry = Nb® =L L, =Nb’/a,

por Lpr

a,, Is the associated sequence length,
which describes the stiffness of the
primitive path and is determined by the
topology of the entanglement network.

Al
Te = >
k,Th

entanglement time

Curvilinear diffusion coefficient D:
KgT
Cp

(&y: friction coefficient of bead)

D= (Einstein relation)

gP = Ngb

In order to get disentangled, chain ,
have to diffuse over a distance I, . Lor
and this requires a time: 17 p

reptation model

Therefore, 74 ~{,N°

disentanglement time



L

AP
Sp
@ N Time correlation function of End-to-end Vector
sc\_/\

- (P(t)-P(0))
O = <ﬁ2> =a(o(t))

<(AbC+CD+ DB, )-(AC+CD + DB)>

(o(t))=(c (1)) exp(-p’t/z,)

(c)

1 ¢,N°b"  3Nb?

2

r. =L"/Dx® =
; n° k,Ta®  a’

@ Tr

Doi, M., Edward, S. F., The Theory of Polymer Dynamics, Oxford, 1986, p.194 o



Comparison of relaxation times

)

log<(R,(t)—Rn(0) >
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Effects of Entanglement on Relaxation Modulus

1/2
(o T
G(t)=——k.T| &
® 22N ° (tj

Step Shear

log G (1)}

(a)
Slope 112

Tex M
Tge M3

G(t=1,)=Gy’ Dynamically Shear
1/2
z%kBT( ] (W) |
2 ’ (b)
T Slope 1/2
a? °®
Slope 2 !
[ 1/Te
M>M 1Tq
log W
d (W)DO
& sqole
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Viscosity

Rouse

N *b?¢
37k, T

T =

Mo = j dtG (1)

o0

>
> p?

p=1

= dt ex
NkB p

__C %
Nk, T 2

p=1

:ngz o M
36

M <M,

}.o

~2tp° /TR]

Poly(di-methyl
siloxane)

Constant + log no

. Poly(ethylene)

Poly(iso-butylene,

log G () (q)

/ o =] diG(t)
_ 2
7T
:E I(\IO)Td
~M?3

»> Note, 7~ n~ MY
withv~3.3-3.4
for molecular
weight higher

than M..
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Experiments & Simulations

Initial conformation

Starts

$
i
!
i
]
!

B il ey it T P i . |, -

Series of image of a fluorescent stained DNA chain embedded
In a concentrated solution of unstained chains. (Chu. S. etc.
Science 1994, 264, 819.)
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‘ Normal stress difference and Elastic effects on
viscous flow of polymers

O33
o
A L 0
p On ~o g
21 Oy
Oy \/

O33 '/ Weissenberg effect

L 4 /
FIA=0.=0,, / /
For polymer melts

, N,=07,-05,,>0 For low N,=07,-05,,=0

—_—

molecular
— - < ] . . N.,= - =0
W ; N3=027035<0 weight liquids 2 022 738
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‘ Rod-climbing

72



\ Extrudate swell




tubeless siphon (7

G

i
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toroidal eddy (/i
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Instability in Processing

Wall shear stress, MPa

0.1

0.09
0.08

»
(]

STEADY-STATE
OSCILLATING FLOW
(UNSTEADY-STATE)

A B

A —
= - ;
__-"- ..-..
F A
/

- n"_.c .FI::':;-
D C

HDPE, T=180°C

D=0.0254 ¢m and L/ID = 40

10

100 1000 10000
Apparent shear rate, s-1

100000
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Instability in Processing

1m L] LB B B B L L L B | o L L A | i A L L
. g
- r

o, MPa
=

£ 5 GN[F
= Stick-Slip .
Sharkskin Gross Melt Fracture

10 Smooth
100 101 10? 103 10¢

78"



78

- Sharkskin



Stick-slip

W g

0,45 mg/s 1.15 mg/s 1.70 mg/s
(a) (b) (c)

(d)

2.26 mg/s
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‘ Stick-Slip Transition

1
| 2 =82 mm I
3 LD =15 : P
T = 180°C

40 60

— o m  E ——
E B EEEEEEEER

L

1 _ 2=

I - / ﬂ}‘

100 200,/400 600

— Yo (s°1)
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Stick-Slip Transition

K. T K. T
O, = nFe F, oc aBpr oc—N?zle
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' Flow instabil

Ity and melt fracture

SRR e, FEEUIERKEX,
SR SPMR IR H DR TE R RE CE# R
R*H%T@ﬁ(&& PTITBURRER)

AMMMMMMMMMMNY

1 E R R E R AR IR

‘/\/\/

Shark skin

——
M melt fracture
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Glass transition

‘IJlerminaI flow —p

¢ Wity Linear and
J
| 4 | Semi-crystalline or
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f_—j,' i |crystalline T <T;
/ :
‘ Crystalline T, >T;
WIS / /
// // ........ T
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Glass Transition as a Relaxation Process

» Thermal history dependence of Tg

4+ 1: fast cooling
> 2: slow cooling
0.85
liquid
— supercooled £
o liquid /1
::i 0.84 |
o glass 1 :
f |
glass 2 |
0.83 I
|
T [°C] !
' |
Temperature dependence of the specific /i/:
volume of PVA, measured during heating. <rvstal I I
Dilatometric (BZHK TH¥%) results obtained y I :
after a quench to -20 °C, followed by 0.02 or e d >
100-h-of storage(Kovaes, A-J-Fortsehr ng Tgl i - T

Hochpolym. Forsch. 1966, 3, 394)
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T, 4

o =0,SInwt

/A /AN
VAV _

T

(4) 6. . HMER-NMR, /BT, F6iE%
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\ Polymer Melts and Glasses

» The deepest and most interesting unsolved problem in solid state
theory is probably the theory of the nature of glass and the glass
transition. (Anderson, P.W. Science 1995, 267, 1615.)

» The transition from melt to glass is

called glass transition (XIS {LEE2D)

glasses

(liqui
i glasses)
slowly cooled |
O Lo
1 liquid
sIongl ! T, fast




Why Glass Transition belongs to Segment Relaxation?
log G} (q)

Tex M°
112 Tge M?
. 0)
<~ 0y 7'-secondary < z-g < Te
Te '
T M < M length, .oy < lENGth, <length,
log t
“K{]lassy region ﬁmﬁ::: |
K I
|
Plateau region I

-__G;I_

G (1)

\'TGIaT transition
|
|
G (0 .-----------------.’L&\
_ ) N !
High Mol. Wt |
|

- -
it 75?
Temperature
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Free Volume

Ordered Packing of Spheres
0000000000

Random Close Packing of Spheres

Oscillations aronnd
mean position

Oscillations around a
mean position

=

Solid vs Glass

Liquid vs Glass




5. ¥1% - Free Volume Theory

» Free volume: a concept useful in discussing transport
properties such as viscosity and diffusion in liquids.

Ideal crystal

® 9 ¢ &0 00 > 8200 0 000
LI 2 B BN BN BR BN J [ ] ® &0 80
L BN B B BN O s 50 00 009
200 &9 000 ® o0 08 0 &S
@ 9 e &0 00 e 0 o8 &b
" s 08 H e ® 28 80 0 88
e 200 0 000 o 6 80 &0
LR N IR N B AR B * 808 % 000

t=ty
Glassy, amorphous polymer

~
1

LI I B I e 20 2P B8 E & 080 ¢S e
SO0 s 000 ® 80686000666 o BE RS eo0 e
ses0eOwe 'EEREEN X E I N-I I A NN
s 00 8 800 Ose e BN PN B NN
LI B B WY e e8 OB BOBDO SBGOD OGS
4088 808 ® ee 9 P00 e 08 68 808
s ssC 0w s T EEREEEE N N - I W
P8 o0 B0 e 08 80 008 ® 000 % 000
Amorphous, rubber polymer

The segmental motion of polymer

Occupied volume: filled circles; free volume:hole chain requires more volume

» Hole theory of liquid: the liquid consists of matter and holes. The larger volume
of liquid when compared to the crystal is represented by a number of holes of a
fixed volume. The holes represent a quantized free volume, which can be

redistributed by movement or collapse in one place and creation in another.
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Free Volume Theory

» The coefficient of thermal expansion

(CTE, #JEHK &%) is constant for the
occupied volume for both temperature

below and above Tg

» Assume that at the temperature below T,
the free volume is constant; and the free
volume will increase with temperature
when temperature exceed T,

V, =V, +V, +(d_V] T,
dT J,

v
V, =V, +(d—Tjr(T -T,)

dv
(Vf )T =V, _VO _(d_Tjg

(82,

dv dv
T=V, +(d—Tjr (T —Tg)+(d—_|_

j Tg—(d—vj o M)
9 aT J, v

——————

e —

Total volume/unit mass (specific volume)

\

]
79
Temperature

The volume-temperature relationship for a
typical amorphous polymer

Vi free volume at T < T,
(Ve)7: free volume at T> T,
V,: total volume at T > T,
V,: occupied volume (determined by
van der Waals interaction + vibration)
(dVv/dT): CTE of the glass- and rubber-state

(T=T,)

g

g

V
f =é (T <Tg)

o, =Aa =

1(dvj ) 1(dvj
v, \dT ), v, \dT ),

fr=f,+a,(T-T,) (T=T,)
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Free Volume Theory (cont.)

> Relation of the molecular mobility to free = Aexp(BV0 IV, )
volume: Doolittle equation

Inn(T)=InA+BV,(T)/V,(T)

}_> |nﬂ_B{V0(T)Vo(Tg)}
Inn(T,)=In A+BV,(T,)/V, (T,) nT,) |V,T) V.(T,)

» Normalized free volume: f. =5 (TV)f (I/) T z\\//fg))
0 + f 0

|Og n(T) . B ( 1 - 1 j fT = fg +0O; (T _Tg) T _Tg
n(Tg) 2.303 fT fg o fg /af +(T _-I-g)
» WLF equation: |og n(M) __ (T-T,) _log 7(T)
n(,) 5L6+(T-T)) (T,)
Nearly - s
equal to 1 9 _516 fg =0.025=2.5%

A

o, =4.8x107/K
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Appendix: Doolittle equation & Einstein equation

Doolittle equation

Inglassormelt 1 =Aexp(BV,/V,) Vi <V,

In solution V, >V, and the volume fraction of suspensions
" @ =V, [(V, +V,) =V, IV,

eX
n=Aexp(BV,/V,) ~A(1+BV,/V, )= A(1+Bd)

Q

Einstein equation

For the solution of impenetrable spheres of radius R, Einstein derived the
Effective viscosity of suspensions

n=n, (1+ 2.5(15)
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\ Applications of WLF Eq.

G (1)

TOC77 IgizlgaT
T

S

Glassy region

Transition region
Plateau region

-__G;I_
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Lonw Mol. Wt

Higzh Mol Wi

—Cl(T —TS)
C,+(T-T,)
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1010 L.
‘_\ 192 K
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196 K
%, | |~-‘|2‘33
& 1 N
—10° 199 K 90 230 270 310
s TK
inal region
3 273K 350K
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|||1||||2||%30||50||1||
102 107" 10° 10" 102 10 102 1012 10®° 10° 10* 10?7 10° 10°

t [h]

t [h]
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Two principles for linear viscoelasticity

(1) Time-Temperature Equivalence and Superposition

»Time-temperature equivalence (FfIR52X) in its simplest form implies that
the viscoelastic behavior at one temperature can be related to that at
another temperature by a change in the time-scale only.

AE/RT

T=T7,€
E(t) ¢

Ee '™ E (t)=Ee"'"

n(t/r,) In{in[E,/Ey (t)]}=In(t/7,)

\ /

+In(7,/7,)=Ina;

-In(7/7,)=-Ina;
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‘ Synthesized master-curve (& i £k)

© T T T N . . .
c T > 3 T
5§ ——F : P
a T, > = Ts
Q.
E // Temperature £
8 > i e T
increasing o T,
3 T, S
S m—> §
(&) 1 S —/
g 1 1 1 §, I ' L 1 1 ) 1 1
01 | 10 100 0.1 ] 10 100 1000 10000 100000
Time (mins) Time{mins)

Superpose

Schematic creep plots at

\ Master curve of creep from superposing
different temperatures

plots of the left figure
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Synthesized master-curve

» In both the glass-transition

e b ) range and terminal flow
o0 L §\—*j E&; 4 e region, the modes of
196 K H H

o motions vary greatly in

- ) | |

their spatial extensions,

E . 719
0 f k o \ which begin with the

o e S FRE ey length of a Kuhn segment
o ﬁ?’?{_ \\ and go up to the size of the

bk whole chain, and vary also

= In character, as they

273K *
180 K 20K 230K 250K 295K >0

1 1 1 1 | L1111 111 L1l : 7
o 102 107" 10° 10" 10? 10 102 107° 10® 10° 10 1<:|2 10°  10? InCIl_Jde Intrarn_OIeCE’llar
t ) t motions and diffusive
movements of the whole
—C,(T-T,) chain. Nevertheless, all

|9T— =lga; = C, + (T T ) modes behave uniformly.
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\ (2) The Boltzmann Superposition Principle

> The Boltzmann superposition principle (B & #)
» In 1876, Boltzmann proposed:

1. The creep is a function of the entire past loading history
of the specimen;
2. Each loading step makes an independent contribution to
the final deformation, so that the total deformation can
be obtained by the addition of all the contribution.
» Creep
et)=AcJ(t-1)+A0,)(t-7,)+Ac,I(t—1,)+.
Sress. bo, : 86(2')

| e®)=[ It-ndo@® e®=] It-1)

programme o

> Stress relaxation o) =A&G(t—7,)+AgG(t—1,)+As,Gt—1,)+... a(t):j_twc;(t_f)gd‘a‘z(:) :

dr

Time

Response

! Time(r}

t_TES 00
In steady shear: (t)—— G(S)ds =| G(s)ds
n steady shear e - ds n jo (s) %




Viscosity & Relaxation Modulus
E (t)=Ee "

E(t)=) Ee™"

J, B

n= Zﬂi = ZJ:O

n(T)

| E(T.t)dt

n =1k

t)dt = jZE

dt=| Ee'"dt=E | e""dt=Er,

dtj

:Th



Fox equation:

A LEE LAY

K
T, =T () - v

n

» Heating rate dependence

AE/RT
T =7,

t~1/v
v FHE
t 45 B B 8]

>t

S

1

gl
g2

— — —

f

A

slow

fast
l
L

>
Tl T91T92 T

1:S<<7:1 tf<<<7:1
tS~ Tgl tf < T 1

g
tf ~ ng

ERIPIRN Y EE 7S

» Molecular weight dependence T, vs. M,

-

Same total number of beads,
but there are more ends here
than here

l |
W
¥ [ ]
W &
T =)
§F & S
: ®
g &y
= g
& L)
cf o
& T
P ooy g
g%

» Ty vs. T,

For symmetrical backbone, T /T ~1/2

For asymmetrical backbone, T /T, ~2/3

AH_
AS,

T =

m

» Chain rigidity: More rigid
> Tgvs. Ty chain present higher T,

T,-T,~0 =i Qe R E:s

T,-T, 20 HENIHERE 5E /AL
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 Effects of film thickness on Tq

| A I i I

300 600 900 1200
Thickness (A)

Tsui, OKC, Macromolecules, 34, 5535 (2001) 102



The Effect of Cross - Linking

$
b

]

The Effect of Crystallization
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Glass transition of polymer mixtures

: 1 W W
= — g
I R .- Ig Ig 1Ig
g %8

Random Copolymer

;,H,fu

Miscible Polymer
Blend

Polymer + Solvent
or Plasticizer
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Glass transition of polymer mixtures

Some polymer blends exhibit partial miscibility. They have a mutual, limited
solubility indicated by a shift in the two T,’s accompanying a change in the
phase composition of the blend. More uncommon is the type of miscibility

indicated by the presence of only single T,

» Miscible blend

1w w,
- - : +
» Fox-Flory equation: 7 =7 77
g gl g2
500 400
[
350
450
€ ’5“ 300F
L.u 3 &~
400 |
® 250
r )
350 ! L 1 L 200 L
0 02 04 06 08 1 0 0.2 0.4 0.6
PPO content Plasticizer content

T, of compatible blend PPO  Plasticization of PVC: T, as
and PS as a function of PPO function of di(ethylhexyl)-

» Partial miscible blend

vvvvvvvvvvvvvvvvvvvv

Poly- o -methyistyrene MW:
ey, 010000
350 400 450

Temperature (K) —»

DSC curves of 50 mass-% blends of
PS and poly(a-methyl styrene) at a

content. (Bair, H. E. Polym. phthalate content. (Wolf, D.
Eng. Sci. 1970, 10, 247.) Kunststoffe 1951, 41, 89.)

heating rate of 10 K/min. (Lau, S. F;
etc. Macromolecules 1982, 15, 1278.)105



| Effects of Tg on Morphology of Polymer Blends

Dynamic Phase Diagram

—Normal
Transitional
Viscoelastic

Nucleation & Growth Spinodal Decomposition TanakaH, J Phys Condens Matter,
= Cheng SZD, Keller A, Ann Rev Mater Sci, 28, 533 (1998) 12, R207 (2000) 106



