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Oscillatory Test: In an oscillatory measurement, the material is subjected to a sinusoidal stress or
strain and the strain or stress response is measured. The rheological material behavior can be
measured as a function of time, temperature, strain or stress amplitude and frequency. The results
obtained provide information about the sample structural properties such as MW, molar mass
distribution (MWD), concentration, crosslinking density for polymers or particle/domain size,
shape, interface properties, etc. for multiphase fluids. This information is important in product
development (formulation) to predict product performance and processing behavior of new or
modified materials.

Preset of a frequency sweep, here with controlled
shear strain and an increase or decrease in
frequency in five steps. The strain amplitude ya is
kept constant over all five measuring points.
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For analysis of this test, it is supposed that the material is under the periodic shear stress of

r =1, cos cx and the shear strain is measured via rheometer.

Ideal Hookean Solids Ideal Newtonian Fluids

Y®

Time Time
r=Gy. r,coswt=Gy T=1y. T,C080 =1y
Ty = %0 gin ax _ o (a:f—ﬂ.)
¥y =—CO0S@f =y, CoS aX y=—+sma — y=—~C03 =
G new no 2



‘)’ Oscillatory Test ‘)’

The strain response of viscoelastic materials to this test is: y =y, cos(cx¥ — o). 0=o<x/2.The

term O is the phase lag and it is equal to zero and x /2 for ideal solids and liquids, respectively.
For viscoelastic fluids, it is in the range of 0 < 6 < 7 /2 and could be considered as the contribution
of solid-like and fluid-like behaviors.

Using the complex numbers is a useful tool to interpret the results of oscillatory measurement.

For this purpose, the complex stress (7 ) and strain (") are defined and their relation with real

part of them are as follows:

r:rﬂcnsmf:Re{rﬂef”’}:Re{r*} (1a)
y=7, CDS(&T—5)ZRE{?‘}QH'&”_J}}ZRE{}’*} (1b)
The complex shear modulus and complex viscosity are defined as:

G =1 -G +iG" (22)

¥
* T* [

N =—=n'+i (2b)

g

where G" and G" are known as storage modulus and loss modulus, respectively.
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Now, we continue with complex shear modulus which is more common to interpret the results of
this test. By substituting Eq. (1) into the Eq. (2a), we have:

T T T
G -5 0 0 e}ﬂi
:Lf :lf Ef{.ﬂ—ﬁi} ;Vq} (3)
Theretfore
G'=D0coss (4a)
I
, Ty -
G'=—sind (4b)
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The following relations are existed between the modulus:
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The results of Maxwell model for oscillatory test:

By beginning from Maxwell model, we have:

r=rpcosaf

T+AT=1y > T, cosot — AT, sin X =177, (6)

By dividing Eq. (6) to —Awr,, it is concluded that

. 1 /i
Sin ¥ — —cos i =
Aw AT 0

Vs (7)

By supposing tan & = —, we have:
Aw

sin @t — tan 8cos ot = —2 ¥,
ATy
_ sin & sin af cos@ —sinfcosed  sin(ax —6) -1 .
sin axf — COS e = = = ¥ (8)
cosé cos & cosd ATy
sin(ar — 0) = 1989 5

ATy
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By integration from Eq. (8):

-1 — v,
—cos(wt—0) = ey,

) Afﬂ (0

F) -

(9)

X
a0
AT 0 E‘ L)
¥ = cos(wt — ) o =
necosd .
T =
Comparison Eqns. (1b) and (9) resulted that & ) i"’;
O —4A—G"[Pa a
7 = 7y cos(or—0) ) S
v = ;’LT{' =35 (]-D) —o—phase [] - 2y
Y pcos@ 410
T T 0
. @,
As mentioned before, tan 8 =— | so: ,':_ ,
A Frequency dependence of a high viscosity
1 silicone oil (silicone putty).
tano = — 11
P (11)

Using the frequency sweep test, the data of G' and G’ is measured for different frequencies.
Based on Eq. (5), we have tan & = G" /G’ . Therefore, using Eq. (11), at the intersection point

of the curves of G' and G”, we have: A1=1/, (Here, @ is the frequency at the intersection

point). It 1s a usual method to estimate the relaxation time.
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Substituting Eq. (10) into the (4), we have:

G'=—2% cos5="Lcos?s
AT, A (12a)
ncoso
o T oo T .
G" = ar, singd = ucosc’ismc‘i (12b)
7] COSO

From Eq. (11), we have:
A 1

COS0 = —=. SN0 =—fF—- 13
M+ A’ N+ 2% (13)

Finally, by substituting Eq. (13) into the Eq. (12), the response of Maxwell model to frequency
sweep test is obtained as follows:

1+ A
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It 13 possible to obtain the coetficients of Maxwell model ( 77 and A ) by curve fitting the Eq. (14)

on the experimental data of storage and loss modulus. For example, they could be estimated via
minimizing the root-mean-square error (RMSE) between the model and experimental data:

iR =\/Z (Gre ~ Gloaa)* + (Gl ~ Gl (19 )

= T (
where m 1s number of data points. As mentioned 1 1 1
before, the generalized Maxwell model i1s useful : : L
to estimate the discrete relaxation spectrum. Mo I::I oo
Using superposition principle for results of Eqn.
(14), the response of generalized (multi-mode) ' T2
Maxwell model can be expressed as: ))

, n ~ .'.'“?ff i . n }Erﬂ ( (
Gzz—j G'=no+> ——— 16 ¢
o 1+ A v IZ=1: 1+ A @ (16)

n= 1. Z=[Z?L-%]f’£2m] (17)
=0 =0 _ =0

where 77 1s viscosity at zero shear rate, A is average relaxation time and, 77, and A are the
viscosity and relaxation times of each Maxwell elements, respectively. Here, a viscous element

(77,) is parallelized to model for better fitting on experimental data of polymeric liquids.
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Some tips about oscillatory test

L.

b --n--

Determining an appropriate value for percentage of strain before doing the frequency sweep
test is so important to obtain the linear data. For this purpose, it is better to do an amplitude
sweep test at a constant low frequency (for example: ®=1Hz ) and determine a bound of
strain in which the storage and loss modulus is constant. You can use any value of strain
percentage in this bound but to assurance to capture the linear data during the frequency sweep
test, it is better to select a value at the middle of this bound.
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The concept of an entanglement network (or the restraint of each molecule in an effective tube)
is associated with a terminal relaxation time which is much longer than it would be in the
absence of such topological restraints and increases rapidly with molecular weight. By
contrast, the shorter relaxation times are governed by the same monomeric friction coefficient
that characterizes rates of ftranslatory motion of short segments in the absence of
entanglements. As a result, the terminal zone of the storage modulus (for example) is displaced
toward lower frequencies to an extent which increases with increasing molecular weight, while
between the terminal zone and the transition zone there appears a plateau region where G'
changes only slightly with frequency.

The storage modulus and loss modulus are changed with @ and @ in terminal zone,
respectively.

The storage modulus is a monotonic function of frequency and any drop in this graph
especially at large frequencies is an error that could be attributed to the inertia effect of
measuring system.

It is possible to estimate the vield stress via sweep frequency test! For this purpose, the graph
of the lag phase versus the stress should be plotted. The vield stress can be considered as an
average value of stress in which the phase angle is increased drastically from zero to 90 degree.
The frequency sweep provides a characteristic fingerprint of the material. At higher frequency,
G' shows a plateau value referred to as plateau modulus. The plateau value relates to the
average molecular weight between entanglements M,. At low frequency, the loss modulus is

a measure of the materials viscosity (G"/ @) and the ratio G'/G" of the elasticity.
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FIG. 13-2. Storage modulus of narrow-distribution polystyrenes,® plotted logarithmically against
frequency reduced to 160°C. Viscosity-average molecular weights from left to right, X1074: 5§, 51,
35,27.5,21.5,16.7,11.3,5.9, 4.7. (Onogi, Masuda, and Kitagawa.?)
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A Summary on Responses of Basic Models
Maxwell Model Kelvin-Voigt Model
J(1) = J; + t/n; J(t) = J;(1 —e™'/m)
G(1) = Gie~/ri G(t) =
G'(w) = Gw2r (] + w27}) G'(w)=G
G"(w) = GiwT;/(1 + w2r?) G’ (w) = GiwT; = wn,
7' (w) = /(1 + w?77) ' (w) =
J'(w) = J; J(w) =J/(1 + w?r})
J"(w) = Ji/wr; = 1on; J"(w) = JiwT/(1 + w?7})
tan & = 1 /w7, tan 6 = wr;

where r, is the relaxation and retardation time constants of Maxwell

and Kelvin-Vnigt model, respectively. J is the complex compliance
and definedas J =y /7 =1/G =J' —iJ".
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