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retraction

"I||||||| Molecular motion: stretching and

Structural requirements for high Chain 3 Cross-
2 i Flexible 2
elasticity: Like linked

High elasticity of polymer is the result that the conformational entropy changes
— the Entropy Elasticity
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..|||||||| Chapter 6 High-elasticity and
Viscoelasticity

6.1 high-elasticity

6.2 viscoelasticity

6.3 linear viscoelasticity

6.4 superposition principles

6.5 dynamic viscoelasticity
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I 6.1.1 introduction
High elasticity

property of (small modulus, large deformation)
polymer: -/

Mechanical

above Tg, caused by motion of segments

Major | Viscoelasticity
featllres “‘(viscosity + elasticity, time is required during

deform‘lti(m)

At any temperature, for all kinds of motion units
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||| || 1. Concept of high elasticity

High elasticity — The mechanical property
of polymer in rubbery state

Rubbery state — unique, only in polymers
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||| || High elasticity is very special

Similar to the solids

Material size does not change; elastic
response obeys the Hook’s law, like solids;

Similar to the liquids

The thermal inflation index and isothermal
compression index are in the same order of
magnitude of liquids;

Similar to the gases
Stress increases with the temperature, similar
to that the gas pressure increases with T
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C. Small elastic modulus, which increases with

the temperature
O E (rubber) = 10°N/m?% E (metal) = 101! N /m?
O E of metals goes down as temperature increases
D. Heat absorption or dissipation happens
during deformation, temperature increases
during fast extension

For the metals, it is totally different

It will be discussed in details in the following section.

Wentao Hao,
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|||||||| First law of thermodynamics
FAWIES Sy e

dU - Internal energy change
8Q — heat absorbed

PdV - inflation work

SW — the work change {
Fdl - extension work

SW = PdV - fdl

Suppose the process
is reversible 2" law of thermodynamics §Q = Td
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||||||| 2. Features of high elasticity

A. Large deformation

O The strain is about 1000%, i.e. 10 times
longer; for the metals, the strain is only
~1%

B. Deformation is reversible

Long chains and flexibility

origin: entropy increment; structure: crosslink
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.|I|||||
6.1.2 thermodynamics
I=1,+dl
-q» >/
l,— Original length d/ — minor change of the length

f— Tensile force P — atm pressure dV — Volume change
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The volume of the rubber does not change, that is, dV=0
dU = TdS + fdl

making local derivation ou =T a_s o f
of the length / ol Jry ol )

g a S ( Hardly measurable, )
- T _ shall be changed into
( 6 I the physical
g \_quantities detectable )




According to the Gibbs function
GLiE i

|
Wl G=v+py-1s
Making derivation 3k 53}

dG=dU+PAV+VdP-TdS-SdT

Josiah Willard Gibbs
(1839~1903)

H. T. S are the Enthalpy,
Temperature and Entropy
respectively

G=H-TS

Enthalpy is a kind of thermodynamics function.
It is defined as:

H: U+P V U — internal energy;

P — pressure; V' — volume
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.|'|||||||(1) fEREE, ie. T, P A%,
dG=VdP-SdT+fdl

dG =-S8dT, —Sz(a—G
oT

2010-12-13 Wentao Hao, Hefei University of

Technology

III
”” | f-T Curve f{%jj ,+T,

* Extending the rubber to length / isothermally;
» measuring the force at different temperatures;

« plotting the fto the 7, straight lines can be

obtained. (dV = 0)
B
ar ),

The intercept is: (%

The slop is:

Results: when extrapolate the lines to 7= 0 K,
almost all the lines pass through the (0, 0)
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dT =dP =0

'
(a_Uj ~0
o),

dU =TdS-PdV-+fdl

dG=VdP-SdT+fdl
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Entropy change caused by outsi
force

oU oS
. ‘(ﬁly ‘T(a] ,

¢ Conclusions:

* Rubber elasticity is entropy elasticity
o BB R M
¢ Retract of rubber is caused by entropy change

« BRFHAHARGHE
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.'I|||||| Heat change during the
extension of rubber material

dUu=0
dv=20

fdl=-TdS 80 =TdS

dU = TdS-PdVfdl

Extension d > 0,dS <0, 50<0 [EuAGDHE)
Compressiond/ <0,dS>0, 50>0 [EEALES
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What will happen as the
temperature is up?

@ Shrinkage of the
rubber ring

T T, motion T, coil-like T, retract force T,
=>ET

» [E=ole,c > c, el
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I|||||| Summary to the thermodynamics
analysis

=l N

ORBEMBAZE
. R {

IR R R, = 33 ) R,
IR AR F AR RE, @GN B E.
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III||||| 6.1.3 statistical analysis

Statistical theory

Retraction force

@:> Conformation change

Retraction force of the material
= sum of the retraction force of all molecules

Wentao Hao, Hefei University of
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||| || Suppose (network)

Before and after deformation, every joints
are fixed on their equilibrium positions
Chains between the joints are Gaussian
chains

Micro-networks are of the same
deformation ratio as the whole rubber
material
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Only one single chain

B 7-43 RE ‘Uit EEmENEE
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III
|||| Total amount of the conformation (2 is
proportional to the probability W

and the entropy is N 411k

Boltzmann’s law

VN S — C — kB (x° + 2 +2°)

C - constant
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||||||| Affine deformationfij 5} 2%

M % 69 8- BB R AP E b, HMBRH
af, XEIBERURF G E LR,
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.|II|||| Gaussian chain

For the equivalent freely jointed chains with
n, segments of the length /,, the probability
that its free end lies in the small square

dxdydz (x, y, z) is:

W(x,y,z)dxdydz =

3
) exp(=p2(x* + y* + z°

P = 3/@nl?
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III |
l || Extension ratio 4; 4, 4,

Before extension, (x,-, Yis Zi) after, (ﬂ,]xi, Zfzyi) ﬂgzi)

Entropy of the ith _ . 20.2 2 2
5, = C—kBA 0 +37 +2))

chain before extension

Entropy after —(— 2.2 2.2 2,_2
extension S’ll C k’Blz( 'xl +/7'2yl + Zl)

The change of
entropy

AS, = S!S,
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The entropy change of one single chain is Because the end-to-end distances of chains are

> > > > > > different, the average value is used here.
AS, =k 1 D" +(% D] +(% D)z

— _INR2[( 22 _ \
The change of entropy of whole network is the AS =—kNB"[(4, M‘mgﬂ

addition of entropy of all single chains

m Number of chains N
AS = —kZ BE(A —D)x! + (45 D)y} + (A5 -1)z[]

i=1

2010-12-13 0, Hefei University of
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! . .
For the isotropic network
Mean Square end-to-

end distance
e AA = AU —TAS

%NkT(Zf+/1§+ﬂ§—3)

For the rubbers

During the isothermal process, the work of the outside
force was stored in the system:
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' N N '
M| niaiaexension 5t 8 [N M cxcnsionore

B —dW = fill [
Incompressible
materials

AW:—AA——%NkT(ﬂf + 2+ 12-3)
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AKX & f-A relationship

AW :—ENkT(ﬂ,Z +3—3)
2 A

_ 1 d[-U2)NKT(¥# +2/ 2-3]
A dA -

2 -1
_ L o A, dA)
2, di " dA

=L kr(ea-22)=1 nkr(a-11 22)
2, Iy
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Generally, the mechanical response
of solid material obeys Hook’s law

1

O'ZNOkT(/I—? -

————————————————————————————————————————
M—— Avogadro’s number

ABARENTHSTE
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7f7fil

N,=N/AAly) — chain number in unit volume
B AR A A RS
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Conclusion: Under small strain, the 6-A
relationship is compliant to the Hook’s law

T BRARE, RBBRNEH-EEXETH
LRI (JLA7-45)
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No volume change, Poisson’s ratio v is 0.5

KREFRIKEH

The G-\ relationship is independent to
the chemical structure of the rubbers

Wentao Hao, Hefei University of
Technology




' o .
|||||||| E - original elastic modulus;

G - original shear modulus

Modulus of the rubber increases with the
temperature and the crosslinking degree
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"l
U401 0 = 0.964g/cm3, T = 293K, R = 8.314Jmol'K!

a
I o=F/4, 1=1+¢

M. =3.4x10
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Summary to the equations
S ﬂl—z) RBRE 7 AL |
IR A 2|
M, e ————

1 Brvereol
o = G (ﬂ, o /1—2) _l

RT 1
SR
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M 152

— BB RAA, K2.8cm, F1o0cm, B
0.2cm, E0.518g, T25CHH¥EhHfh—
&, WETKSIHLOAT, EEREEN M
HISEEIARRS 2 F & .
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.nl””” BTG "llj| 6.1.4 cotrection to the equations

v - PRT ( s j Comparison between the experimental and
‘o At theoretical data
1
o=t

=4.9x10° kg/m? Eperimenal /- Experimental data are

A 0.2x1x10™ e coincide with the

oo W __ 0518x10° 925kg /m’ - theoretical ones only

V  0.2x1x2.8x10° when the A value is small

 925x8.314x 298(

T 49x10°

=8180g/mol
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g . i .
||||||| Possible reasons ”” (1) pre-factor correction
III
Because the chains are extended too much,
they can no longer be considered as
Gaussian chains

Crystallization may happen as the chains
are extended in the same direction. The E
value increases.
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(2) Free end correction (required)

.
a

P p— Valid number of chains

Ideal network Ny=LN,

in unit volume, N’

¢

/_ﬁ—\'d Free ends Modulus
e =3 =N )
n M 52

Number average

original chains

J\ f molecular mass of

S _
uppose there' afe 2 free. ends for | [y N, - 2 N,.,
every original chains
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|I||||||| %1 6-3
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—HhEp B, HEEh

9.5X10%kg cm?, FEIRFIIFEN 7 FHE

105, TEKSS AR FIREN

5X10°, HERHEIERERME, REEBHER

EEE RV E B TE IR (300K) i AT BY )
Ho

Hefei University of
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M 1

RAEER (25°C) F, B—BEHRA
0.15 c? R BERFE M7 cm P E]21 cm
EEHZ RN N. OBRBRAFEREERN
0.93 g/cm3, AERRT IS TEN
200000, AZERJEHA16000)

.||I|||||| f6-5

—RRIBAREAE25 °Cy N7 R91.5 X 106N-m2
iR 2.5, IR
(D ®rjs RPN EERE, Be
j;z) 7E25°C KW 1.5 B FT BB N
(3) 7E100°C Kt A2.5 BT 7R

M

n

III
1] p—m—

¢

_9.5x10°
5x10°x107°

><8.314><300><(1

3 2x5x10°
10°

=4.75x10°N -m™? x(l—l—J

10°
=4.3x10°N -m™
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oo PRT(y 2, 1
M M, i

c

_0.93><106><8.3l4><298.15x(1_2><6000)>< 21 1
6000 200000 17 (21)2
17

c :Ai: f=0-4,=2.09x10°x0.15x10"* =3.14N
0

=2.09x10° N/ m’
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## o= NkT| i |
1.5%10 .
N, = ) = =1.558x10° /m’
. 1 - 1
kTl A-—| 1.38x107* x298.15x] 2.5-— |
e YT
(. 1} . - 3 X ( 1
o= NKT| A=—|=1.558x10% x1.38x107 % 298.15x| 1.5 - —
(2) ) 1.5°
=6.76x10° N /m*
el s 1 | ccq 26 T a3 s -2 1}
=Nk A-—|[=1.558x10" x1.38x 107" x373.15x| 2.5- :
) A 2.5
=1.88x10°N/m*




6.2 Viscoelasticity
6.2.1 introduction

Normal concept of viscosity and elasticity

elasticity — spring, ejection, deformation
reversible

ViSCOSity — glue, sticky, deformation not
reversible

2010-12-13 Wentao Hao, Hefei University of
Technology

Hook’s law Ideal elastic solid

m LR Elastic modulus

[

No time
dependence
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Comparison

elasticity viscosity

Energy storage Energy dissipation

Deformation recoverable Not recoverable

Hook’s solid Newtonian liquid

E(c5T,0)

E is not time dependent Time dependent

2010-12-13 Wentao Hao, Hefei University of
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1 q q 85 8
I””” viscosity & elasticity of materials

Different response to the Constant force or

- € deformation — static VE
:

- Variable force or
o ilatp FreiEiel deformation — dynamic VE

. Solid of small molecules - elastic
Typically

liquid of small molecules - viscous

2010-12-13 Wentao Hao, Hefei University of
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Newtonian law Ideal viscous liquid

Time
dependent

t

)53 n  Viscosity

Deformation
not reversible
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All the materials
are elastic and
viscous.

© wwdanlellencom
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|||||||| 6.2.2 Il"”” For polymers
Viscoelasticity of polymers

During the deformation process of polymer Polymer
material, viscosity and elasticity coexist.

The st G is depending on the strain € and calfviscou deal elastic solid
strain rate at the same time.

The mechanical property of polymers is a
combination of that of ideal solid and ideal
liquid. t
Non-Newtonian Different to the ideal
liquid solid

2010-12-13 Wentao Hao, Hefei University of 2010-12-13 Wentao Hao, Hefei University of
Technology Technology

| ) | . .
”l”” Comparison l"”” Review to the relaxation
o= const. time T

polymer

. Ideal viscous liquid Features of molecular motion
Ideal elastic solid (1) Variety of molecular motion
Linear polymer (2) Molecular motion is time-dependent
(3) Molecular motion is also temperature-
Crosslinked dependent
0 t

2010-12-13 Wentao Hao, Hefei University of 2010-12-13 Wentao Hao, Hefei University of
Technology Technology

III
||||||| Temperature dependence
Arrbenius equation

AE [ RT

AE — activation energy

T| e 7]

T| e 7|

2010-12-13 Wentao Hao, Hefei University of 2 Wentao Hao, Hefei University of
Technology Technology




k M . ° .
I||||||| Relaxation or viscoelasticity

That the mechanical petformance of polymer varies
with time is called relaxation or viscoelasticity.

If the viscoelasticity of polymer can be described by
combination of ideal elastic solid model and ideal viscous
liquid model, it is the Linear viscoelasticity.

- Static Creep, Str

Hysteres
friction

I
1
viscoelasticity -!
1 .
i dynamic

2010-12-13 Wentao Hao, Hefei University of
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.||||||| Creep & creep recovery of ideal
elastic solid and ideal viscous liquid

For the ideal elastic solid For the ideal viscous liquid

2010-12-13 Wentao Hao, Hefei University of
Technology

* High elastic deformation is caused by the motion of

.||||||||| (i) High elastic deformation (g,)

segments, larger than ordinary elastic deformation.
* Deformation needs time.

* Deformation restored gradually as the stress being

released.
GOEN —
«—

&

&= 1-e"")
2
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Fracture
'

/ Total Elongation

Stage 1

Stage 111

/ Stage 11
-I_[mnal Load

Creep of polymer reflects the stress resistance during

2010-12-13 e lefei University of
‘echnology

.'||||||| THREE stages during polymer creep
process

(i) Ordinary elastic deformation (g,)

* Bond length and bond angle change
spontaneously as the stress is applied o:

* The material obeys the Hook’s law.
¢ Deformation of material is small and f 5

Y ETRE

reversible.

g —

2010-12-13 Wentao Hao, Hefei University of
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(iii) viscous flow (g;)
* Slippage between polymer chains

* Deformation not recoverable

2010-12-13 Wentao Hao, Hefei University of
Technology




= 00[i+i(1—e””) +£]
t 1 2 n

—ey+ 4

n (A) Short action time (small
f), the 2" & 3rd jtems are
closing to zero

Three deformation occurs spontaneously as the III”” About the action time
polymer material is under stress

What can be inferred?
(B) , the
* As stress applies on, bond angle & length change antly 27 & 3d jtems are larger than the
15t item. As the ¢ — cc, the 2™ item

* Through motion of segments, conformation changes, ;
— o,/ E, << the 3" item (o, t/n)

deformation being enlarged
* Mass centers of molecules move
2010-12-13 Wentao Hao, Hefei University of
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'I||||||| Creep of linear & crosslinked
polymer

'
I||||||| Creep recovery

e At the moment that the
&

stress is released, the
secondary motion of chemical Linear polymer |

bonds stops instantly.

Deformation recovers quickly.
Crosslinked polymer |

e Through adjustment of
conformation, deformation
caused by entropy restored.
t
Deformation increases Deformation increases up
with time, no limitation; to a constant value;

4

Not recoverable. Recoverable

2010-12-13 Wentao Hao, Hefei University of 3! 2010-12-13 Wentao Hao, Hefei University of
Technology Technology

Typical polymers be able to creep

III |
I |||| How to prevent creep?

Nature of creep: movement of mass center

Interaction between chains?

Crosslinking?

Flexibility?

PC, Polycarbonate POM, Polyoxymethylene

2010-12-13 Wentao Hao, Hefei University of
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l|||||||| 6.2.4 Stress relaxation

Strain remains; internal stress released

relaxation describes how polymers relieve st
constant strain.

2010-12-13 Wentao Hao, Hefei University of
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relaxation of ideal solids and

ideal liquids

2010-12-13 Wentao Hao, Hefei University of
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.I|||||| Stress relaxation of linear and
crosslinked polymers

&

No movement of mass
center, stress relaxes to
equilibrium value

Conformation reconstitute and slippage of chains are
the nature of creep and stress relaxation of polymers

2010-12-13 Wentao Hao, Hefei University of
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III
l"”” Another type of stress relaxation

The body's natural relaxation response is a powerful antidote to
) P P
stress.

SHEH B R IAT R MR —FIRRRE I R .
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II||||| Stress relaxation — another form of

molecular motion
Similar to the creep, it is also
transition of polymer chains from
one balance state to another
through molecular motion.

T >> Tg, there is almost no internal
friction; molecules relax quickly; stress
relaxation is not apparent

Glassy
state

T << Tg, strong internal friction, slow
Rubbery ) o’ >

rel on, stress relaxation is not
state 4

apparent too.

i Near Tg, stress i ion is apparent

Viscous
state

2010-12-13 Wentao Hao, Hefei University of
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III
||||||| 6.3 Linear viscoelasticity

Which can be described by linear combination of
Hook’s solid & Newtonian Liquid.

combination -

~. Parallel connection

2010-12-13 Wentao Hao, Hefei University of
Technology




Ideal elastic solid - Spring ## Ideal viscous liquid - Dashpot #:i&

Constant Load . Constart Load
4 g

|9 (visconity)

Strain Rate (o)
{c)

2010-12-13 e Hefei University of 2010-12-13 efei University of
ogy 9y

u””mm,m "I||||||| #l6-6

- 2 : AHAT D aAXWE!

" . Pa, KifF A% n = 5 x 10 Pa-s. SMJIHEF
Addition of strains HR M E B KR, R E=H

(1) RRMMBRGKERBRG, TR
BRI 7

(2) #EFFN00FP AT KR 75

(3) HFRB105F I KIS o

II||||||| Strain is constant,

ldo o
That is e
" Edt 7

Thus, @) =c(0)e "

Where,




M.

6(0) = Ee =5.0X105X1=5.0X105 (Pa)

t=100s
0(100) = 5.0 X 1057100100 = 5,0 X 105 ¢!
~1.8X105 (Pa)

t=10%s
S(105) = 5.0 X 105 £-100000/100 = ()

2010-12-13 Wentao Hao, Hefei University of
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ds_o

dt 1 R
Newton liquid

Wentao Hao, Hefei University of
Technology

l” || Relaxation time

What’s the meaning of 7=7$/E ?

T n——2Pa-s
B .
Unit . E——Pa

T B AMRHER (] #2430 TR

It is shown that:
the stress decays gradually with time under
constant strain.

* At the moment the stress is applied on, spring
deforms, but dash pot does not; stress is the maximums;
® At the moment £ =T = 100 s, the ¢ s lowers to the
1/e of the original one because of the viscous flow;

* At the moment £ = <2, ¢ — 0; total recovery of the
spring deformation; residue strain provided by dash
pot only.

Maxwell model can be use for description of
stress relaxation.

2010-12-13 Wentao Hao
Te

.|||| ||
| 2) Stress Relaxation Analysis
y
E_ldj+g € = const.
dt E dt n

1
o

KAREHN
B J i AT H

Wentao Hao, Hefei University of
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Physical meaning of ¢
o(t)=0c,e"

When 1 - (O

o(r) =22 =0.3680,
e
t

‘ 1y A
W g L
0368 R O oM IRy

HFATBRS A o At e ]
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Technology




i

To the ideal To the ideal
solids liquids

B Fg A Bt TR RLAE , AL AT AR AR B
TR, AT
TRA, REREARY.
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-|||||||| 6.3.2 Kelvin €lement

g - 8 - gv
addition of stress

parallel

2010-12-13 Wentao Hao, Hefei University of
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'l
I||||||| (1) Stress relaxation analysis

& =const.

de
o(t)=Ec+n—
(1) .

B Kelvin element
R B AR

Ideal
LEESHATLIE O (1) = Ec [

2010-12-13 Wentao Hao, Hefei University of
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'
||||||| Shortcomings of Maxwell element

(1> Maxwell model is not suitable for description of
the creep of polymers. It describes the creep of ideal

viscous liquids. (polymer is not ideal liquids)

(2) Itis only suitable for the stress relaxation of linear
polymer, not the crosslinked polymer, because no stress

can be released to zero for crosslinked polymer.
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" ||| Kinetic equation =377 #2
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o nde
—_—=t+——
E E dt

FeF Ed—WrdEF

t=n/E REBDS FRRM

For creeping ¢t =0 - -
— 0 __0 —tlt
o= 0 g(t)_E(l_e :
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'I|||||||| 2 By Ever seen
0] 2[70)(1_64 Bl before?
Sahties BT

)7 Rl o) = o) (1)

Is Kelvin model
suitable for the creep of
linear polymer?
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Kelvin {231 - ¥, Kelvin 2HIRBES R bR
ELIEESTR) BRINETIE
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@ £(t)=¢(x)(1-e"")

[SEl - (1) =300%—100% = 200%
£(0) =600%—-100% = 500%
ER: e AN, THRMAKEL, e=r—1

7=0.98/4=58.7min
300% =500%(1—¢"**")
¢ =0.90/ =53.8min

0, Hefei University of
‘echnology

Discussion

£(0) =29 (1—¢ ") [

(1) t=0, et=1, £(0)=0

0

) th,etl, (A-etm) 1, gy N
(3) t—> o, g(t) = &(c<)
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o — 0o +n -0
dt & n
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] 6-8: —AkelvinBiTG(E = 2 X10°N m2, T = 10%)
BEPE—AFTE (M = 3X10°Pas). JNIEEHF74.9
N/m?, ZEHRARE3000s, REHIFER L.
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Shortcomings of Kelvin element

(1) Not suitable for polymers in explanation of stress
relaxation, but suitable for ideal elastic solids.

(2) Can not petfectly describe the creep of polymers,
because deformation of polymer can not recover
completely.

BT LR ?
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Spring,,, Dashpat,, and
Dashpot, extend Deforming
e Load Removed

Spring,,
+ relaxes

4

Spring,,
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retract

Dasnpot, Deformation - Non-
- Recoverable
Time Creep
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8(t)=%(l—e_t/’)+ﬂt
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—n— Modified Kelvin element
—e— Original Kelvin element

Ak A B TR AR
K, B4
FEARIEL T
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Elastic Portion

(Spring)
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(Spring,)

6.3.3
UL gt

Viscous Portion
(Dashpot,)

e(t)=¢+¢&,+¢;
o, e o,
= —0 R - O
E K, U]

Wentao Hao, Hefei University of
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6.4 superposition principles

6.4.1 Boltzmann superposition principle

6.4.2 Time-temperature correspondence
principle

Wentao Hao,

efei University of
Technology




.|I||||||| 6.4.1 Boltzmann superposition '||||||||| 6.4.1 Boltzmann superposition
principle

principle

It de_scrib_es th_e response of a material to different BEW AT B G BB

P S SERTRATFT ST A YIRS AR R
the response of a material to a given load is iﬁ#m%ﬁ%ﬁﬁwim&ﬁ

independent of the response of the material to any gﬁ\ﬁﬁ%]ﬂfﬁﬁﬁﬂ:%ﬁ%ﬁ; Eﬁ%%ﬁ
load, which is already on the material. ‘ﬁﬁ'ﬁ'—?’l‘%ﬂﬁﬁﬂfﬁﬁ XA

The deformation of a specimen is directly IR SRR, B S

proportional to the applied stress, when all n
deformations are compared to equivalent times.

The Boltzmann superposition principle states that

It is only valid in linear viscoelastic region.

2010-12-13 Wentao Hao, Hefei University of 2010-12-13 Wentao Hao, Hefei University of
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Rl|oD() = =()

et)=¢ +¢&,+..+¢, =

For the case of creep, the total strain may be expressed by

e)=D(t-1)0, + Dt -1.)0, -G, w+D(t-T o -0,)

or EGENPIES 6!

where D(t)=1/E(t) is the compliance function, which is a
characteristic of the polymer at a given temperature and initial stress

2010-12-13 Wentao Hao, Hefei University of 123 2010-12-13 Wentao Hao, Hefei University of
Technology Technology

-u||||||| 9l6-9 T STONZS - (1) =+, + 5

F—RAEAYIAFE, HIRRAT AR ln] Y (R PR
VLG 2R R, B2 ae i e n 7,
—MNHo =, Z5HENERMN o INA2

G, » RENODHHRFEMERE. 5

HSHR:

0 4= 1X10°N m’2

et Slvwl o) =1.0x10° Pa [EEAERET 7

1,=5X10%Pas . n n
1,=5X10"Pa s . (5) 1x10° 1x10 (1_675/1) 1x10

R e v E——
5.0x10°  1x10° 5x10"

x5=1.203
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10.5, TR AE AT Rl T7 148 2
LU - (10)=1.220

A B 10D I R TE AR & T 0R RSP I AH LK n_E A4
. 77 0 RE SR 10FD B BT = AR B AR A . AR
#EBolzmann JRE
£(10)=¢,(10)+,(5)
=1.220+1.203=2.423
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6.4.2 Time-temperature correspondence principle

The effect of rasing temperature is the same as prolonging
the action (observation) time — time-temperature
correspondence

BECAUSE # FiEFS5RE. KiEHX

&2
s
2
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Application of T-t correspondence

To compare and convert the mechanical
data obtained at different temperature or
frequency, to obtain the result that can not
be obtained in practice.

For example

Creep, may be observed for several years.
By applying the T-t correspondence, the
creep result obtained at higher
temperature can be converted to lower
temperature

2010-12-13 Wentao Hao, Hefei University of

Technology

FRARVERIFE AR _ERIBAS ) BT 5 1S Y AR 2Rt D
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Low T, Long t
= High T, Short t

Viscoelasticity of polymer at
higher temperature within
shorter time is equal to that at
lower temperature within
longer time

Observation to some
kind of mechanical
response or relaxation

The molecular
motion
mechanism is the
same

2010-12-13 Wentao Hao, Hefei University of
Technology

| 2oz ﬁ‘f’t/z FHIHHER Y P
o= Eg

o(t)=c(0)e ™" : E(t)=E(0)e'"

At higher T, T is smaller. For the same E, t is shorter;
However, at lower T, T’ is larger. For the same E, t’ is longer;

E()=E(0)e" RIS
E'(t)=E(0)e """ RIS

So, what is the shift factor?
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Technology




'l]| suppose T, = 100°C, T, =50°C, obviously, T,y < Tsps I R AR R AR, BEhET
If the E(t) at T, is the same as that at Ty, then the |Og(aT ) S |Og t(T) — |Og t(Tref) = |Og T(T)— IOg 7\T

N . . ref
observation time is longer;

i o ar=tlz,, =tlt,
E(ti9, T00) = E(Q)e ™ = E(tsg, Tyy) = E(Q)e ™

o _ls E'(0)=E({)=e ") =1 E(T;,t;) =E(T, 1) =

Tio  Tso - t ot E(T, t; aT)
7, —=— i
=iy = 50 o p 7 Shift factor

z
100 aT = ‘C’/‘C
7.
= logty, = Iog[i’jﬁ- logt,y,

Ti00

T
T

Logt
j = log?' When 7<T; t;ap>t; ar>1 Iga;>0

Tso

T100

= logt,, —logry, = Iog(
When T>T; t;ar<t; ar<I w lga;<0
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" It was proved by many experiments that the oy - T relationship of
||||||| Ti<To<Te<T,<Ts<Te lots of amorphous linear polymer was like this.

WLF equation was proposed by Williams, Landel and Ferry.

When choosing different
T as reference Ts, C1 and

s T C2 vary.

2010-12-13 Wentao Hao, Hefei University of 2010-12-13

Wentao Hao, Hefei University of
Technology
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When choosing T, as reference temperature, "|||||||
for the amorphous polymer f#l6-10

W) 744 51 25 CFRATRHIER, RAWRR
> Z105N/m*fi E10Th. HWLF/7 275
g o6 -L) -1744x(T-T,) 50CAI00 C TR BRRERES
" ¢,+(T-T)) 516+(T-T,) A2 EREEYRT, R25C,

SERITER T, ~ T,+100
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| —
”ll” loga; = Iog@ ~17.44(50 25)=—5.69

25  51.6+50-25
t100 —17.44(100- 25)
25  51.6+100-25

loga, = =-10.33

= 1100 =10"2% = 4.65x10* ()

2010-12-13 el Hefei University of
logy

T
I””” DT ASEREN, BWLFFRE, BETRTTH
BB BB T B KPR A

—1744x(T, ~T,) _-17.44x50
loga;, = =-8.58
* BL6+(1,-T,)  51.6+50

-17.44x(T-T,) -
loga,,+loga, , = (r-1,) _ Z17.44x100 =-115
: ? BL6+(I-7,)  51.6+100

..|I|||||| f5l6-11

PMMA] Jj 23 #6 B FAE130°C A 2 — &

B, BelEmELlR /8. WENE

B7E1000/ / ¥, et 24 RETHIRRE
K 2 (2 A1PMMAR Tg=105C)

..'I||||| Wi, UL, =T, SOCHEHRE
. MEFR, SR UT T ASERETRE
HAREE T BB FHEloga,

Con(®

T=T,+100
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Ill”” UTAZEREN, FEWLFIE, BETHTTEK
BT N PR RS 5N

—Cx(T,-T) - x(-50)

logal., = =
0911 = 6 (T, -T) ~ C,+(-50)

=—loga;,, =8.58

-Cx(T-T,) —C x50
C,+(T-T)) C,+50

loga;, = =loga;, =-2.92

BOLKREC,, G, 7
C,=8.86, C,=101.6

Wentao Hao, Hefei
Technolo

. 7% g -17.44(T-T,)
N 9 =09, = sieaT T,
BB 130C T, (105C) ? R

1Hz 7 GEd) 1000Hz
H—5: BWEMI30C. 1Hz, BEI05C, RIFHE:

0g 2 = 5690 3 =2.03x10°° Hz

=5 HRRM105T. BE1000Hz, KT
—~17.44(T -105)
51.6+7-105




6.5 Dynamic Viscoelasticityzwgﬁﬁ 7%_
Rl

Stress or strain varies
periodically
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Lt -

Isinudu: —cosu+C

—coswt |l w Bl — ldg:sin wtdt
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o =0,Sinwt
& =¢g,Sin(ax —90)

REDEXREAAT, REEET
BL 7 BACKI I RARA i e
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wwu(nﬁﬁizﬁﬁﬁ%ﬁ%

o =0, SInwt gza/Ez%Sina)l

5 T S8,
eS5oEFY
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"l
Comparing

0<d< w2
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QT Why hysteresis

Under stress, it will take a long time for the segments to reach a
new equilibrium state through thermal movement (due to the
internal friction). Hysteresis happens.

Frequency and temperature have great influence on the hysteresis
of polymer.

VAR
I 48 I .5

g’ €
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The shaded Area under the
c stress-strain curve represents

.'I||||||| Dissipated work AW
"

the work of the outside force
done on the samples of unit

3 volume
4, 3

BARK N AR A M — R - 5
PAIRF PTIKAEH 2
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Definition of the internal friction
The heat loss in every motion period
BEAARD, URRBRBREENEER .

AW = 710,&, SN O REEEEEEREEEs
If e\ =0

all the energy are stored as elastic energy,
no heat loss

——all the energy are dissipated

2010-12-13

||| .
l””” Dynamic modulus

O =

III
l"”” (3) W#E Internal friction (77%4R¥E)
o =0,Sinwt
&=¢g,Sin(axt —0)
e
£= gcosé—go coswtsin S

2Kl FHooke’s solid, 2l F Newton Liquid,
AT HME A TR

BRI AR ), AR JHAEREE, PTUAR N A+

2010-12-13 Wenta fei University of 152
ology

WFEHIRIE

Lo
o =0, C0SJsin wt + o, Sin J,CoS wt

STEF, MLFEME | | HE0° LT
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| q g q . .
|||||||| Characterization of internal friction

sity of 54
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”l”” Physical meanings
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||||||| Measurement of internal friction

(1) Torsional Pemdulum &%
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DMA- Dynamic
mechanical analysis 3jj

SO T
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.||||||||| DMTA results
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.|I||||||| DMA result - for frequency
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