Chapter 8

Glass( Rubber) Transmon

Mechanical relations
Transitions and relaxations
Glass transition theories




1. Mechanical relations

% stress and strain
stress (23),c=F/A

= F ~ force, vector, 2"%-rank tensor, 3 components (X,y,z)
= A — area, vector, 2"9%-rank tensor, 3 components (X,y,z)
= then, o ~ 4™-rank tensor, 9 components (xx, Xy, Xz ---)

strain (81&), e = AL/ L
= deformation by load
= also a 4™-rank tensor, 9 components

9 stress components /

yy

BN
y 4 T

SEPE

direction of load
direction of plane
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Stress and strain 2

stress components
= 3 normal stresses (o,

x|
= 6 shear stresses (t, M CHS &)
* by symmetry - 3t

A
i
X

S

= 9 components = 6 independent components

ZX

81

stiffness tensor components
= 81 >36>21-> > - 2(isotropic, 2 of E, v, G, B)

ny/ 2

Oyy

N

L
XY,
/ﬁ

] /T—*
s

Xy, Yz, ZX
172528554
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Three types of mechanical behavior

» Elastic (EtA)
+ Instantaneous
+ solid-like
»= Viscous (Z4)
+ rate-dependent
+ liquid-like
» Viscoelastic (HEHM)
+ time-dependent
+ polymer-like?
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Elastic

% tensile deformation Sty

LdFig 8.1(a)

A .,
Z%y : P R

GZ / A 4

£ = (L-Lo)/L

When 6, = 6, = 0, v's = 0 = uniaxial tension test (UTT)

G(X) = E 8(X) : Oy 0 O\
= Hooke’s law (for UTT) 000
= E ~ Young’s modulus [FEINE, QIXIEIM E] 1 00 0

» modulus ~ resistance to deformation [Lp355

e=Do
= D ~ (tensile) compliance [+=& <]
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Elastic 2

Poisson’s ratio, v

X

¥ SR

= definition, v = — & /e >0

= rubbers, v = 0.5 ~ no volume change

= plastics, v ~ 0.4

= metals, v < 0.4 (~ 0.33) LLiTable 8.2

Z
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Elastic 3

% shear deformation

F —

(IFig 8.1(b)

—p |/ €

it
When 1., = 1,, = 0, 's = 0 > simple shear

T = G Yo
= another Hooke’s law (for simple shear)
"= G ~ shear modulus [M EtEHE =]
y=J1
= J ~ shear compliance

NGRSO
000

000 |

Ch 8-1 Slide 7



Elastic 4

& G(X) = E S(X) UTT (Gy EEN O LS O, o e O)
Toy) = GV SIMple shear (r, =1, =0,0's=0)

Gyt g e U

+ When all stresses are present

= OB Ve 6y = Vo8,
& e, = o,/E
=o,/E-vo/E-vo,/E A
= (1/E) [0, — v (o, + 5,)]
&) = Generalized Hooke’s law
€ — (for isotropic materials)
Ty = Gy
Tyy =
T Lo
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Elastic 5

% dilatation

O (o, + o, + o,)
3 = o0, — mean normal stress
Oy volume, V, = V
o, e ~ volume strain
§ V

"5 =Be. B (K) ~ bulk modulus
"¢, =P o, B~ compressibility

* relations betw elastic constants
E = 3B(1-2v) = 2(1+Vv)G
= Only 2 of 4 (E, G, B, v) are independent.
= e.g., E = 3G, B = o for elastomers
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Viscous and Viscoelastic

= Viscous ~ liquid-like, rate-dependent
T=1MNY = N (dy/dt) — Newton’s law
" N ~ (shear) viscosity ~ resistance to flow LlChapter 10
o = N € = N (de/dt)
= e — elongational [tensile] viscosity ~ resistance to flow

* Viscoelastic ~ time-dependent

o)

+ elastic

t VIScous

/\ t viscoelastic o =E(t)e(t)
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* stress (o, 1), strain (g, v)

* modulus (stiffness), c=E¢ 1=Gy

* compliance, e=Doc y=J7 E
* Poisson’s ratio (v)

* pbulk modulus, B

Tort

* elastic, solid-like, Hooke’s law, o = E ¢
* viscous, liquid-like, Newton’s law, t = n (dy/dt)
% viscoelastic, polymer-like (?), o = E(t) &(t)

* Every material is viscoelastic.
* Deborah number, De = t/t [material time/expt time] Edp521
* t-T-¢ [time-temperature-strain] equivalence
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2. Five Regions of Viscoelastic Behavior

wr (1) \ semicrystalline
E (Pa) @
10° @ _crosslinked
amorphous @
' Temperature
z m

@) Glassy region
= £ ~ 2 -3 GPa ~ only local motions
= [Lp357 E o< B o< §2 o< intermolecular interaction
e possible, but missing chain stiffness

(2 Glass transition region
= E drops by 103 in 10 — 30 °C
= onset of segmental motion
= [UTable 8.4 T, motion involves 10 — 50 chain atoms
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(3 Rubbery plateau region
= F~1-3MPa
= width oc mol wt [HFig 8.3 p359
= yv=0.5>> G =E/3 =pRT/M = G,
e G\~ plateau modulus
* M ~ M, for linear; M, for crosslinked polymers

(@) Rubbery flow region
= time-dependent flow (Silly-Putty)
(® Liquid [viscous] flow region
= slip & translation of individual molecules
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3. Measuring Transitions (Relaxations)

transition ~ change of state ~ T, T, 18.2.7 p361
relaxation — molecular motion — dielectric, mechanical
cf. dispersion, damping, loss (of energy)

(1) Dilatometry ~ change in volume [expansion coeff]

/

eSS e B D BT R

1

volume

Temp

\
(T) (liquid-liquid)
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Dilatometry 2

= Thermodynamics of phase transition (Ernfest)

1st-order phase transition
= Discontinuous 1st derivatives of free energy
* dG = VdP -SdT

e Ll G

= ALT., T,
S,V,H
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Dilatometry 3

nd_ Lt
+ 2"%-order phase transition R

= discontinuous 2"¢ derivatives of G para-ferro magnetic
5°G) (as) NE (G_Hj By
; =-|—| =-— P
Q3 LT ST ot Jp
aZGj (avj oV
=-|—| =-p4V (_j =aV
[aP2 ; oP ); aT Jp
" AL T,
S,V, H C, a,p

[Fig8.5 p363 J
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Dilatometry 4

= Rate-dependent 15 vol %
2 [JFig8.18 p378

SC

T
kinetic T,

Glassy state is not in equilibrium.

Glass transition is a pseudo-2"d-order phase transition.

* Physical aging o
Holding glassy polymerata T < T, Q
moves to equilibrium SC /
T, M, E 4, brittleness A
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Thermal Analysis

(2) Thermal Analysis
+ DSC

= Heating (scan) at a constant rate (usually 10-20 K/min)
= measures difference in heat flow cf. DTA

endo

exo LJFig8.10 p369
. // = ’ ’ Temp
hysteresis due to aging T T T
g c m

disappears at 2"d scan
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Mechanical Measurement

(3) Mechanical Measurement

+ Static test
= Measuring initial modulus at various T ?

+ Dynamic mechanical test

Dynamic Mechanical Analyzer (DMA) [TA]
Dynamic Mechanical Thermal Analyzer (DMTA) [Rheometrix]

G cf. Rheovibron® dp370
YT RN ¢
A A AN S N TN
€
AN NNt elastic ~ in-phase with ¢
PANSVAN SIS Nai AN ' ~ i
R AT t viscous ~ m/2 out of phase with o
AN DA N S AN TN R ~
Rt S t VE-0<odo<n/2
—sfl—s5 o ~ loss angle
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7 ot

-

ot

€ = gy Sinmt

_ 98.12 p412
G = o, Sin(ot+d)

= o, Sinmt cosd + G, cosmt Sind
= g, (0,/gy) COSO sinmt+eg, (o,/€y) SINS cosmt

ET E”
storage modulus loss modulus

= gy E’' sinot + ¢, E” cosot

7 [ -

in-phase _(/vith € 'mf2 c;ut—of—phase with €
elastic VISCOUS
energy stored energy dissipated

Fig 8.6 p364
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DMA 3

= g = g,eot

= 5 =ogyei @+

= E =o/e = E* = (0y/g,) €° = (0y/gp) COS 6 + (0y/g,) i SiN 6
=E +iE” eqn (8.14) p355

= tan 6 =E"/F
= Actually, tan 5 is small (0.1 at T,) 2> E = E* = E' (in magnitude)
EH
log E’ E*
Fig 8.7 p365
log tan & : . [
R Fig 8.11 p370 . » E

log E”
v’ DMS

T (log t, log 1/w)

= T, depends on frequency (o)
= T, (1 Hz) ~ T, (10 °C/min, DSC)
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Torsional pendulum test
Torsional braid analysis (TBA)

‘ ‘ Ay

~_— sample s e A

| \‘/\/ VAR
AZ

&

= log decrement, A = In (A,/A,)

Fig 8.12 p371
= A =5 (G’/G)=rtan &

Ch 8-1 Slide 23



(4) Dielectric Measurement

Dielectric Analyzer (DEA) [TA]
Dielectric Thermal Analyzer (DETA) [Rheometrix]

Fig 8.13 p372

v T, depends on frequency

(5) NMR
+ chain moblility 1N - faster relaxation = signal sharpens

Fig 8.14 p372
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4. Other Transitions than Tg
= Secondary relaxations (at T < T,)

e, SIS

Ts T, Tp T, (Ty) T

+ at lower temperatures than T,
¢ with smaller E, (~10 kcal/mol; ~100 kcal/mol for T,)

+ with smaller motion Fig 8.20 p380
= |ocal main-chain motion (crankshaft (?)) Fig 8.16 p375
= side-chain motion Table 8.6 p377

+ Affect property at room temp for glassy polymers
= |[ike toughness, especially for main-chain motion
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= Liquid-liquid transition (T)
‘fixed’ liquid to ‘true’ liquid Fig 8.17 p376
moition of entire chain

ALT>T,
TII
Artifact of TBA? /_ T,
MW

Ch 8-1 Slide 26



5. Time and frequency effects in measurements

» Figs 8.18, 19, 20
» Why dependent?

+ De
T = 1, expl+ C/(T — Ty)] (5.49)
4077@
O .
ﬁ é’e& JQSQPp
& s ? <7 = T exp( + AE) (5.45)
1) | a RT
2
|
|
|
| To
1T
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6. Theories of glass transition

= Three groups
free volume theories
Kinetic theories
thermodynamic theories

= Free volume theory
free volume ~ unoccupied volume (v; =V - V,)
v/v at T, of 2 — 25% suggested LFig 8.22 p383
~ not a physical volume (hole)
~ for explanation only ST e e
~ volume for molecular motion (liFig 8.21 p382
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Free volume theory

By Doolittle (1950’s) 98.6.1.2 p384-390
"lInm=InA+ B/f
n — viscosity ~ modulus

f = v¢/ v — fractional free volume (FFV)
By W, L, and F (1970’s)

= free vol, f =, + o, (T — Ty)
" In [n(T)/n(Ty)] = B (1/f - 1/1) Sl
= When T, = Tg, fa= fg SO ) PR T

= shift factor, a;
ar = -1k = exp [--GRT =T ]
n(Tg) (fg/ OLf) oL (T 5s Tg)
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Free volume theory 2

» WLF equation eqn (8.42) p329

| B2 E08T M T S L R T
70 it T, RN CEOUSHN U S o AT B TR
" (o) + (T=T,) ot LT

= Empirically, C, = 17.44, C, = 51.6 — universal constants

= When B = 1 (arbitrarily), f, = 1/(2.303)(17.44) = 0.025
- f, of 0.025 is arbitrary!

" At T,, FFV Is constant.

e may be 2.5% (or 8, 11.3, even 25%)

" T, Is an iso-free-volume state.
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Kinetic theory

= Kinetic theory

T, Is rate-dependent
= cooling rate (dilatometry)
= heating rate (DSC)
= frequency (DMA, DEA)

Glass transition when t =t [De = t/t = 1]
rate N (freq M) > tv > DetN > T A
According to WLF eqn, T, 1 by 3 K by log t v by 1

i P L SOR P390
= not always
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Thermodynamic theory

* Thermodynamic theory
Ernfest ~ pseudo-2nd-order phase transition

Kauzmann Paradox
= S(glass) < S(crystal)
"S<QatT>0K S /

ﬁ
/
/
/
/
/
7
’

Xtal
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Thermodynamic theory 2

+ Gibbs-DiMarzio theory

*= metastable glassy state above crystal S /
state

" AtT, S, . =klhQ=0

conf —

= T, obtained by infinitely slow cooling.

| Xtal
= T, is the true 2"d-order phase /

transition temperature.

e not rate-dependent Tz T
= How low is T,? Fig 8.25 p393

e From WLF eqn, a; = oo (shift to
t,)

o I'mTowC, = =516

e T,~T,-50K
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7. Factors affecting T,

= Repeat unit structure (chemical structure)

+ chain stiffness (intramolecular steric hindrance)
= aromatic > aliphatic
= substitutents, branching > linear
= single bond > double bond
= syndiotactic > isotactic Table 8.12 p409

+ Intermolecular interactions (2ndary bonding, CED)
= | ondon dispersion forces (VdW forces)

« substitutents = distance N = forces ¥ > T, N

o compete with stiffening effect PE < PP >PB = C3 --
<C8<(C9 Fig 8.32 p409

= dipole interactions  PE < PVC = PVDC
= H-bonding  polyamides, polyurethanes
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Factors affecting T, 2

* Molecular weight 1 p397-398
T, = T2 —K/M, T
T, M up to M,

mol wt PN > # of chain ends Vv
> FFV ¥ > T, 2 |

= Crystallinity o p404-406
fringed-micelle explanation

S\«;\ﬁm
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Factors affecting T, 3

% Crosslinking Density
MY > XD > FRV Y > T A

G = pRT/M, i

‘%
.0
.
*
.
*
.
-
-
-

% Plasticization (7tA3})
plasticizer (7}24[) ~ low mol wt agent that reduces T,
plasticization ~ increasing FFV
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T, of copolymers and blends

% Copolymers p399-404
alternating and random ~ 1 phase

block and graft ~ 2 phases when long (phase-separated )
= Blends Fig 8.29 p403

compatible (miscible) — 1 phase
iIncompatible (immiscible) ~ 2 phases

polymerA

|
’L/j'/ polymerB
: i
/:—/_,i_/— miscible (1 phase) — Polymer A is a plasticizer.
i |
|
|
|
|
|

J:/// immiscible (2 phases)
__i/_f/ partially miscible (2 phases)
1
1
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Relation between T, and T, [T{]

% T 0= AHQL / AS
AH; — Interchain interaction
AS; — chain flexibility

» Two-thirds rule Fig 8.31 p407

T,~ 0.5 T, for linear polymers (symmetrical)
= PE, POM , PVDF, ---

T,~ 2/3 T, for vinyl polymers (asymmetrical)
= PS, PVC, PMMA, Pester, nylon, ---

T,~ 0.8 T, for unusual polymers
= pranched polymers, PC, PPO
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Miscellaneous

€98.9.4 p406
Glass transition temperature (T,)
Heat distortion temperature (HDT)
Vicat softening temperature

L] €8.13 p415

plastics (2}‘d==X[) ~ below T,

rubbers (g4 11 5) ~ above T, ,crosslinked
fibers (& 97) ~ drawn

adhesives

coatings and paints
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