Chapter 20
Viscoelasticity

Mechanical models
Superposition
Transitions
Entanglement



3 types of response (to small ¢)

0 elastic [Pk
0 instantaneous; ¢ = E e ~ Hooke's law
0 solid-like; De = 1/t > 1

- VISCoUS [khPE]
0 rate-dependent; o = n (de/dt) ~ Newton’s law
0 liquid-like; De < 1

0 viscoelastic [kl ]
0 betw elastic and viscous
= elastic at short time [high rate] and low Temp
0 time-dependent; o(t) = E(t) e
o polymer-like; De = 1 anelastic = VE that recovers

o _ plastic = deformation at ¢ >0,
» Every material is viscoelastic.

» De = t/t & elastic/VE/viscous depending on t



strain response to stress

(@)
: tensile
time
e
= o/E = Do
; 5 1/E =D
el
yd de/dt = ofn;
e|
ﬂ e(t) = o/E(t) = D(t)o

1/E(t) = D(t)?
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shear

v =1/G =It

dy/dt = t/n

Y(0) = 1/G(1) = J(D)r



Two transient tests for VE

- creep 1 stress relaxation
apply 1° apply 1
I S0 I eO
() e e
record record
Fig 20.1 p488 () ‘

0 D(t) = e(t)/oy a E(t) = o(t)/e

= D(t) = creep compliance = E(t) = SR modulus

= oy ~ o at t=0 and constant = e, ~ e at t=0 and constant

1/E(t) = D(t)? No, if from different experiment



Mechanical models h o095

elements
0 spring ~ elastic, c = E e W
0 dashpot ~ viscous, ¢ = n (de/dt) E
Fig 20.2
Maxwell model ~ serial
0 stress the same and strain additive | F
0 =0,=0 e=e +e,
d_U:Egif,L and G:ng_el de:de;+d62:l__d_0'+g
dr dz dr dr dr dr E dr n
A, Fig 20.3
0 creep
de O'O P Maxwell
do/dt=0 > = ~ viscous only — | f —F
dl‘ T] - o’ Voigt
" o/ E
from spring/?é"’V |

(a) ¢
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0 stress relaxation

1 do o do E
de/dt=0=——7+— —> —=-—dt
Edr n o n
Et —t : :
O=0pexp| —— | =o0yexp| — T = n/E ~ relaxation time
n (2
De = 1/t
at =0, 0=0,
Ao
3 Voigt ‘ B
g Maxwell
\ -
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>

Voigt [Kelvin] model ~ parallel —/ VNV
0 strain the same and stress additive T ]
€=€]_x€2 and O=0,+0, )
de o Fe
o, = Ee and o'zznfj—e —£2m~—_— be
df df n r} Maxwell
O creep B
c=0, _ <O Vo
de o Ee o ( Et f “o/E
priaaa > e= | lmexpl —— “ '
m o n i N o ;
oo | (1 S
=% —exp| — T = n/E ~ retardation time
E \ T() . . .?
- one relaxation time:

o SR
de/dr=0
> o0 = FEe, ~ elastic only

de_o _Ee
dd . n

Ee,

A
‘ Voigt
: Maxwell

t

.




Ch 20 sl 8

> relaxation time

E(t) SR modulus ¥
E(t) = o(t)/e, |

at different time, one Temp
or
at different Temp, one time

logtorT

v’ time-temp superposition

> one relaxation time?
> many relaxation times
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composite models
Qo 3-, 4, --- element models ‘{—W\/El\/\—w
0 standard linear solid [SLS] model W

E

0 math improved, not physics

_ _ SLS model (2 t's)
generalized Maxwell (or Voigt) model

T

ay 'y Ty ap 1’r«JN 1-"IJ3 11 Jz '1-”1
. E E ... E; ... E,
L’;ggr 1 2 e BE ama. R o W

m M2 i Mn

0 spectrum [distribution] of relaxation times
0 physics improved, but not real
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Boltzmann superposition principle oz

2 In linear deformation [small strain] range,
strains (and stresses also) at different times are additive.

Input
+ t;

Response

/K[e'(c—tl)
V + ‘ tl

ey =y J(0) |

Stress
Stress
(=)

Strain

Fig 20.4 Fig 20.5 \
e(t)=e(t)+e (1) +... .
N= | J@-1)d
=A0J(t—T)+ A0, (1—Ty) +... et)= | Jr=1)dow)

—0

7

_ 2 J(t—1,)AG, ety = [ 7t -) 39D 47
J dt

n=0

—_—00



Time-temperature superposition

2 time-Temp equivalence
0 Long time and high temperature is equivalent.

Log E(t), (dynes/cm?)

= for chain motion and viscoelasticity
0 Data can be superposed (log t and T) - ‘master curve’

SR tests at different T's,

==}

110°C
115°C
135°C -

o =
I
% |
I
I
o
=2
[=]
%]

Log E(f) (dynes/cm?)

__ 40°C

-—

Stress relaxation
of PMMA

0.001 0000101 1

10 100 1000

Time (hr)

10

[

oo
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Ch20sl11

shifted to fit on curve at reference Temp T,

- \\\"\
Ty
)
Y
110°
115"

- 407

—_——

—

100"

-10

Log t({h at 115°C)
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0 shifting
Eglst_l? _ E(;r-?’)t{l-aT) ~ horizor:tarll ?hift o & E = pRT/M
~ vertical shift ~ negligible
A Phisl s 7 Chapt 21
loga, =—U =1 5~ ohift factor
C,+(T~T,)

0 when Tg [Tieterence] IS Ty 2 WLF equation

C; = 17.44 and C, = 51.6 K ~ ‘universal constants’
holds very well for most polymers



Ch 20 sl 13

WLF equation
why n not E?

0 by Williams, Landel, and Ferry |
/ E indep of T? p504
ar = To(T) — n) Glass is frozen liquid.
(T (T

B
0 Doolittle eqgn n=A ExP(J;) V=V +W
Cy)) p505  E v
lnn:lnA+M P E -
f p=! 1
o fractional free vol  fy = f, +(T —T,)e g "
0 shift factor a; Fig 16.4 p387
n(t,) foto(T—=1,) [, putting B=1 (arbitrary)
> f, = 0.025 (€ C;=17.44)
log 1) _ 1o q, = ZB23B1)T = 1) 5 g = 4.8 x 104 K (¢ C,=51.6)

ny) foloe +(T —T,) "T, is an iso-free-volume state.”



Dynamic mechanical test

2 oscillating stress and strain

Stress or strain

—— 10/

o(t)
e(t)

| Fig 20.6

21/w

e = ey SIn Wt
o = Oy sin(@r + 0)
= Op sin wt C085 + O COS ! S1n 5

= ¢y E, sinwt + ey E, cos wt

~ e ~ s
~ ~"

in-phase with e =/2 out-of-phase with e

elastic viscous
energy stored  energy dissipated

O =0, Sinwrt
e = g, sin(ot — 3)

d = phase lag, phase angle
loss angle, ‘damping’

E, =(0,ley)cosd storage modulus

E,=(0,/e,)sind loss modulus

E
tan § = — loss tangent

Ey

more generally, E" and E”
instead of E; and E,



0 in complex expression

= ¢, explwt

E, E*
O = 0oy expi{@r +0) M
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overall complex modulus E* =o/e Ey
. O .. . E,
E*:gﬁ—exp15=—0(cosc‘5+zsm5):El+1E2 tan§ = —
€y € E,
instruments
0 torsion pendulum Polymer |
torsional braid analyzer NL
log decrement A AN
A N
Az]n( O, ) tan o o~ — s
n+l

: -



Flex Storage Modulus (MPa)
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0 dynamic mechanical (thermal) analysis [DM(T)A]

= tensile or bending strain
= temperature or frequency scan

Sample: M3 SAMFLE S Fike CATAD e DM AW 22836 012
Size 30 4200x 11 6800 1 5200 mm DA, Cipbrabor b
Mathod LAMIMATE CMA _ _ _ R Cater 11 Ape.96 1538
Comment CUT FROM PCE WITH COPFER AND MASH SECOND PASS
. 1408
Flunyral Modulh 8 Donraling Tarobisius M N Ty by Lows Wodules
] e ,
12000 et — FE' = El H\ .
- 114, 4370 Tg &y Tan Dela - 1K)
J |II \ 03
1
-1000 =
|/ III I'l o
[ =
LR i 1 @
1 ll". % E
1 Y (] 024800
| lII ""\ = -
Y ! = g
I'h
v |3
\ I', 600 i
, |
% lII
\, i -
e | 147 3%
e 150 il -A00
00 o —t 1
Figrgral Blodkgin
'I"..'-!.' .':
1Ry | T T T T T |-‘_\-_u_ 200
il 40 B B0 100 1) 1410 180

Temperatune [*C) T’ Iog t, OI’ Idam]jy&-)rmmqs

tan & = E”/E’ is small >
E = E* = E’ (in magnitude)
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Transitions and relaxations in polymers. .

0 transition [Ef]
change in property gl
0 relaxation [#8FI1]
response by molecular motion

log (G,/Pa)

glass transition Fig 20.9 p502
0 primary [o] relaxation | polystyrene
0 segmental motion

—
20

N
(W]

secondary relaxation
0 B-, v-, 8- -- (in the order of TV)

o motion smaller than that for Tg
local main chain

side-chain, part of side-chain 3 | | | , |
: : . . / 200 100 0 100 200
cooperative main and side-chain

(b) Temperature/C

log (tan &)

plasticizer
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0 2ndary relaxation affects property at room temp.

tan & i J \
—2r 5 v B 1
- L

-

0.1

L L
—200 —100

|
|
PMMA !
|
0.01 : i i
| N
PS : Temp i AN
T "’ X“*f »
-100 0 100
RT e e e
. 10" r : T 10°
property like toughness o,
especially with larger-scale motion G L
T,? heat resistance, use temperature 3 e r ol B
10° T e * N 107
10’ . ‘R'm“ 10

Temperature (°C)
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Entanglement ch 205119

rubbery plateau region

R
- -

log (G'/Pa)
K

28.9k
351k 587k M
14.8k e
1

1 H il 1
-6 -4 -2 0 2 4
log (wap/s™")

0 width of plateau oc molar mass
motion of chains between [inside] entanglements
0 level [plateau modulus G\°] depends on M, not on MM of chain

m, =PRI G o M°

0

Chapt 21 § reptation




Applying VE data to product design o .

Correspondence principle
0 viscoelastic equation = elastic equation
Qo(t)=E(t)e >oc=Ee 0

Pseudoelasticity | el

a From creep, SR, or isochrone s-s curve, 3i 1
. . . S AT L

0 estimate long-term stress-strain relation, fli S ps

20013 % »
. i | v
0 and design the product. ,A.J| Bl
- et ] r bt
z LA i
215 + 3
e e wn ] M T_ gunpest 16““\\1‘
Oy O4 e ri sl
20
63 63 e!D ‘ i
=11 s
02 62 : t . I 16 NI
o) Gy atlmEL |
s 10NN
et

t t log t LN

1 DAY 1 YEAR

0 .
10 107 10? 10! 10° tm’ 108
TIME IN ¢

Figure 9.9. Curves for creep in tension of a commercial polysulphone
(Polyethersulphone 300P-ICT) at 26°C. (From ICI Technical Service Note PES
101, reproduced by permission of 1CI Plastics Division)
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CREEP CURVES ISOMETRIC STRE»3 — TIME CURVE

. loll)
) }
= W
b i
o o«
7 5
; . R ‘ LOG (TIME) —&=
i t.
ISOCHRONOQUS STRESS — STRAIN CURVE CREEP MODULUS - TIME CURVE

2 8
wut -
©x |
t 8
=

[~

(V9]

i

o

[ &)

different from

transient o—¢ curve STRAIN —- LOG (TIME) — =
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An example

0 To design a pressure vessel that is required to be used for 1 year
without yielding or fracture (say 5% maximum allowable strain),

<t

H largest stress c = Pr/t

c = 40 MPa t=10%s
e(t
® 30 MPa 108 s

S0 MPa i
/ 10 MPa :

1yr log t 0.05 &

0.05




