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Schematic of Rheometer System

/
/" Shear Stress

VS
Qime (Frequency){/

(" Shear Strain
S
Qime (Frequency)/

/~ Normal Force
VS
Q’ime (Frequency)/

4 Temperature

/

VS
N\ J
Output
Interfaces

Carnegie Mellon University
G. C. Berry

\

Computer System
for
Data Acquisition
and
Instrument Control

~N

7]

\
( Torque )

Transducer

—

Force
Transducer

\ R

Position
Transducer

Shape
Transducer

Temperature
Transducer

N\ J
Rheometer




TENSILE CREEP AND RECOVERY
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CONTROLLED STRESS RHEOMETER
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CONTROLLED DEFORMATION RHEOMETER
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Rotation
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Angle Position Transducer Measure of shaft angle Voltage (current)
Torque Transducer Measure of torque Voltage (current)
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Carnegie Mellon University 5

G. C. Berry



Parallel Plates Q
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Compliance = Strain/Stress

Modulus = Stress/Strain

Linear Viscoelastic Functions:

Shear Compliance J(t)
Shear Modulus G(t)
Bulk Compliance B(t)
Bulk Modulus K(t)

Tensile Compliance

Tensile Modulus

D(t) = J)/3 + B(1)/9
E(t) ={3/G(t) + 9/K({)}*

Incompressibility approximation:
K >> G(t) = E(t)/3
B(t) << Jt) = D(t)x3

Relationship between Compliances and Modulii:

%FF:)ds Gt—s)J(s) = 1

%FF:)ds Kit—s)B(s) = 1
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Linear Viscoelastic Constitutive Equations:

_ 19y dup
S T 2@ T oxo

3S..(s) 9S4 (5)
20,0 = 1 dsfit-9[ 55 - 35 —a5 ]
> 0S4 (s)
+§5ijB(t—S) 35
0€;:(S) 0€,(S)
S;() = 41:00|s{c;(t—s)[2a’—S - 38755 |
0€,(S)
+ 6” K(t-s) 3s
The Shear Compliance:
Strain: y(t) = 2¢e,(t)
Stress: o(t) = S,,(t)
y(t) = q]foodSJ(t_S)%
o(t) = dﬂt dsG(t-s)%
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The Shear Compliance:

J(t) Jo + [‘Js — Jo]w(t) + t/r]

JU) = Js - [‘Js — Jo]a(t) + t/n

Three parameters and a function of time;
a(t) = 1-yY(t); a(0) = 1anda(e) = 0
Solid: 1/n =0; JG, =1

Flud: n>0;, J.=2J,>0

The Shear Modulus:

G(t) = Ge t [Go - Ge]q)(t)

Two parameters and a function of time;

$(0) = 1and ¢(») = 0; G, J, = 1

Solid:  JG, = 1; F|38°du ®(u) = constant

Flud: G, =0; Goqjg’du d(u) = n; Goqjg’du up(u) = J.n?
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Relation to Dynamic Functions:

A special case, with sinusoid deformation

@ = Js = s = JoJaf dua(u)sin(au)
@ = @)+ [~ Jwf dua(u)cos(eu)
G = I + I
G = IR + I

andw) = I = G(WG(W

Low Frequency Limits:

G"(w) = W - ... =T — ...
G(w) = ()% + ... =714 — ...
J(w = Js — ...
' = (o)t - ..
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Molecular Parameters:

« L: contourlength (M. = M/L)

« Rg: radius of gyration (root-mean-square)
Ry hydrodynamic radius (Ry = =Z/61mM "%

. ©: local viscosity

Loc*

[I’]] = [r]]FDKﬂRH/L

[r]]FD - T[NAR(%/ML

Thermodynamic Interactions:
For the wormlike model for a semiflexible chain:
Rs; = {(aLoz3)™ + (L¥12)}?

a. persistence length
o: expansion factor

1/2

a = H+ 2+ k(@278 v =3/5
z = aA(@/L)z/(2v - 1)
z = (3d+/168)(3L/MA)Y2 = 0.18(d/a)(L/&)"
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Hydrodynamic Interaction:

KiRy = {[(10/3)(Ri)nol? + [(Ri)e] 232
where

(Ruw/L = {2-3Y4/9}(&/L)Yq; (R)e/l = 1

In([nIM /&)

In (L/4)



Dimensionless reduced viscosity 1:

R =h/ho

LOC

= 1 + c[h]®

[h]® is a function of ¢, L and &

[h]© » [h] at infinite dilution

[h]® » [h]gp with increasing ¢, excluding
entanglements

h© is a "Local viscosity"

LOC

h© » hg,. atinfinite dilution

LOC

N9 » h.e repeat unit "viscosity" for pure polymer

LOC

Following Arrhenius (1887):

ho » h hidh s 1 » ]

Forsmallj: h9» hg..exp(bj)
In general, for either Ny e OF N e

T2 s K 2
Wy .
Nww eXpeT s+ eXPET—(T,), + Do

with K and D both (essentially) universal constants.
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Behavior for A = 57.5 Kand K = 2300 K:
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T, depends on the volume fraction ¢ of polymer:

TQ:]L = q)Tg;-plOIy + (1 - q))Tg;-sloIv

T, Is also a weak function of M for small M.

n(T,) = 10*Pa-s



Several regimes of viscoelastic behavior are related to the
mean separation /A of molecular centers relative to the root-
mean-square radius of gyration RG:

A = (M/cNy)Y3

The distribution of molecular centers is liquid-like

a© decreases toward unity with decreasing A/Rg for coils
(0© = MAX{1; a(1 + [7(R/N)’]P)-1/16))

KPR{Y/L increases toward unity with decreasing /\/Rg

[N]© increases from [n] toward [n]$:
(In the absence of chain entanglements)

(N1 = TNA(RGO)*/M,

Approximate relation (no chain entanglements):

[NI® =[] + cn) P + {(c/p) Il
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Chain entanglements act to increase K% R :

[h1 » RIh](L + clh])Y? + {(c/r YTn]S EGRIXQY

v

X = c[h]e

Xc = constant » 100; empirical for many
systems

E(y) » {1 + y*}"

h = h&{L + clhl)

For a polydispersed linear polymer, use M,,to compute X

No single reduced concentration may be used to scale the
reduced viscosity over the entire concentration range of
interest.
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Log(Compliance/cgs)

Log(Compliance/cgs)

Log(Compliance/cgs)
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The Steady-State Recoverable Compliance:
. For polymers and their concentrated solutions with M < Me:

Y Js = Jrpouee = 2M/5RTc= 2M/5RTp¢; "Rouse Behavior"

. For polymers and their concentrated solutions with M >> Me:
O Js = Kkl (k = 2-3 for a Narrow MWD)
Iy = 1/Gy = Me/RTp¢?2;, Pseudo network compliance

. Approximate "Cross-over" Expression:
_ —-€ —-&,-1/€
0 Js = {Graee)  + (I )

0 J02 = (OMPRTHL + (OM/Kk*Me)SY Ve k* = 4-6

2.2 I I | |

20 [ -

1.8 [ -

Log (J09) + Cst.
&
|
|

14 — ]
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Log (X)
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Retardation and Relaxation Spectra

Retardation spectrum: L(A) with retardation times A
Relaxation spectrum: H(t) with relaxation times t

Defining Functions:

J(0)

[J. — JJa(t) = 43“; d(In A) L(\) exp(~t/\)

Jo = e = Joa(t) + tn

G(t) = Ge + [Go - Ge]q)(t)

[Go = Gelo()

4320 d(in 1) H(t) exp(~t/7)
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Remarks (Berry and Plazek,1986):

. For crosslinked polymers, Peak Il is absent, and Peak | represents the dynamics
of chains between crosslink loci.

. For unentangled linear (or branched) polymers, Peak | increases with increasing
cMw, and Peak Il is absent.

. For entangled linear (or branched) polymers, Peak | does not change with
increasing My, and the retardation timdgnax for Peak Il increases agax [
(cMw)34 Peak | reflects the dynamics of chains between crosslink loci in the

entanglement pseudo-network, and Peak Il reflects longer-range dynamics of the
total chains (e.g., reptation-like dynamics).

. Example behavior is depicted schematically on the following page.
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Carnegie Mellon University 22

G. C. Berry



THERMORHEOLOGICAL SIMPLICITY

* For a Thermorheologically Simple material, a "Time—Temperature"
superposition obtains such that data over a range of temperature may be

superposed on data at an arbitrary reference temperature T, by vertical
and horizontal shifts log bt and log ar, respectively, on bilogarithmic plots:

a {J(tar) - I ¥br and brG(t/ar) are found to be a functions of t/ar, and
otherwise independent of temperature.

a {J(arw) - J }br and brG'(arw) are found to be a functions of arw, and
otherwise independent of temperature.

a {J"(arw) - I Hbr and brG"(arw) are found to be a functions of arw, and
otherwise independent of temperature.

br

Js(MNs(T )

ar t (M (T,o) = brh(T)N(T,)

For many materials, the Vogel (or Vogel-Fulcher) relation obtains:

® 0 e 0
¢ K = ¢ K +
ar M eXPT_To, = eXPET(T,- D)y

with K » 2300K and D » 60K.

* Insofar as by » 1, thermorheological simplicity suggests that the viscoelastic
functions will depend on the variables t/t (T) and wt (T), and otherwise be
independent of temperature, e.g., J(t/t (T)) - Ro should be a function of
t/t (T), J'(wt (T)) - Ro should be a function of wt (T), etc.
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ISOCHRONAL BEHAVIOR

. In some cases, the temperature is scanned while the dynamic properties
are determined at fixed frequency; such experiments might typically be
reported as G'(w;T) and tan d(w; T) or n'(w;T) versus T, depending on the
application.

. Insofar as G'(wte(T)) and G"(wtc(T)) as functions of wt.(T) are independent
of T, the isochronal plots are seen to be mappings in which wt(T)
increases with decreasing temperature with:

1o(T) exp(%g-m)

. For a reference temperature equal to the glass temperature Tg, so that ar
= Te(T)Fee(Ty):

Inatw = Inw — Az T+ (T-TgA ~ ki + ko(T-Tp) + ...

with the linear approximation valid for (T - T,) << A;k; =In o and k,=K/AZ

. An example of G'(w;T) and tan d(w; T) versus log(arw) and T - Tg is given
on the following page for a solid with Ge¢/Go = 0.01, and ten Rouse
relaxation times, using the "universal" values K = 2300 K and A = 60 K.
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Example of G'( w;T) and tan d(w;T) versus -log(a tw) and T - Tg for
isothermal (upper) and isochronal (lower) experiments

(See previous page)

Log G' /Go

Log G'/Go and Logtan o

Log G' /Go,

-10
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