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BACKGROUND

This note will describe the typical effects of frequency and 
temperature on the linear viscoelastic region (LVR). The LVR is the 
region of strains in a measurement for which the results, such as, 
moduli, glass transitions, modulus crossover points, and tan(δ), 
are independent of the strain itself and the stress and strain have 
a linear relationship. The critical strain is the end of the LVR. It 
may seem challenging to pick a strain for an experiment, such 
as a frequency sweep or temperature ramp, because the critical 
strain can change with frequency and temperature. This challenge 
is mitigated by the fact that the critical strain typically increases 
with temperature and decreases with frequency if there is an 
effect at all. The strain can be set within the linear region of the 
highest frequency and/or lowest temperature of interest to avoid 
exceeding the linear region at other conditions. 

The critical strain will be defined as the point at which the stress-
strain relationship deviates from linear behavior using the derivative 
of the logarithmic relationship. It is convenient to display data this 
way, however, a more standard definition would be the strain at 
which the storage modulus drops by 5% from its plateau value. 
These two methods are equally valid and produce similar critical 
strain values and trends [1]. 

FREQUENCY EFFECTS

Figure 1, left, shows a frequency sweep of polystyrene at 220°C. 
This polymer is close to the terminal region at 220 °C so the 
storage and loss moduli are highly frequency dependent. At  
10 Hz the loss and storage moduli are roughly equal. Deformations 
at lower frequencies will be dominated by the loss modulus and 
both moduli will decrease with frequency. Deformations at higher 
frequencies, above 10 Hz, will become more elastic and eventually 
approach a plateau.

The critical strain also changes greatly with frequency in the terminal 
region. The amplitude sweeps (Figure 1, right) demonstrate that 
higher frequencies have shorter linear regions in this sample. A 
100X decrease of frequency results in a 10X larger critical strain. 
The typical observed relationship in polymers is that higher critical 
strains are observed with more viscous, lower storage modulus 
measurements. Frequency sweeps for this sample of polystyrene 
at 175 °C, near the end of the rubbery plateau, have a critical strain 
of increase of about 1.5 X going from 10 to 0.1 Hz and a storage 
modulus of 100 kPa to 9 kPa respectively. Frequency and strain 
sweeps in the glassy plateau of polystyrene (up to ~80 °C) exhibit 
very little frequency dependence. The storage modulus and 
critical strain change by less than 5 % over 2 orders of magnitude 
in frequency. 
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Figure 1. Frequency sweep of polystyrene at 220 °C (left) and amplitude sweeps of polystyrene at 220 °C (right). The critical strain (labelled in plot with red 
lines) increases with decreasing frequency. The critical strain was defined as the point at which the log-stress log-strain derivative slope (green) dropped 
below 0.97. A value of 1 indicates a linear relationship between stress and strain. These experiments were done on a DHR with 25 mm parallel plates.
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TEMPERATURE EFFECTS

The temperature of the material can also affect the critical strain. 
Polymers have four typical regions: glassy region, transition region, 
rubbery plateau region, and terminal region. A temperature ramp 
from the very end of the glassy region to the molten state is shown 
in Figure 2, left, with strain sweep for a temperature in each region 
on the right. The glassy state is characterized by a high plateau 
in the storage modulus and a very low tan(δ) and therefor elastic 
response. The glassy state for this sample of polystyrene extends 
to around 100 °C. As the sample is heated from the glassy state it 
goes into the transition region where the storage modulus drops 
drastically and the tan(δ) signal peaks. The LVR also extends the 
most going from the glassy state to the transition state.

Figure 3. CTAB at 10 Hz (triangles) 0.1 Hz (Squares) at 25 ̊ C collected using 
60 mm parallel plates. These data show a moderate increase in the linear 
region with a 2 order of magnitude decrease in the frequency. The critical 
strain is indicated at the red lines.

As observed with changing frequency, large changes in the 
viscoelastic parameters correlate to large changes in the LVR. 
When polymers get much softer, they typically have higher critical 
strains. Between 130 °C and ~190 °C the material enters the 

rubbery plateau where it is soft but elastic (storage modulus higher 
than loss). There is a moderate increase in the critical strain going 
from the transition region to the rubbery plateau. Around ~190 °C 
and higher is the terminal region where the material will continue 
to get softer and more viscous as it is heated and until it degrades. 
The linear region will continue to extend as the material gets softer 
and more liquid like.

LINEAR REGION TRENDS

The observed relationship in the polystyrene is that the softer and 
more viscous (rather than elastic) the material is the longer the 
LVR is. This trend can be generalized to most polymers, polymer 
systems, and polymer solutions. Figure 3 shows strain sweeps at 

Figure 4. Amplitude sweep of milk chocolate at 10 Hz and 10 ˚C (triangles) 
and 50 ˚C (squares). Stress is indicated in blue and the derivative of the 
log-stress log-strain curve in green. The critical strain is indicated at the 
red line.

two different frequencies for a cetyltrimethylammonium bromide 
(30 mM), and sodium salicylate (230 mM) solution in water. This 
creates a worm-like micelle solution that behaves similarly to 
polymers [2]. This solution has a longer LVR at lower frequencies 

Figure 2. Temperature ramp of polystyrene on a DHR using 20 mm parallel plates (left) and polystyrene amplitude sweeps at four temperature points (right). 
The temperature ramp was conducted within the linear region and all data were collected at 1 Hz frequency. The critical strain in the amplitude sweeps 
is labelled on plot with red lines and increases with temperature. The critical strain was defined as the point at which the log-stress log-strain derivative 
slope (green) dropped below 0.97, where a derivative of 1 indicates a linear relationship. The amplitude sweeps collected on a DHR using torsion, 8 mm, 
and 25 mm parallel plate geometries.

St
o

ra
g

e
 m

o
d

u
lu

s 
G
’ (

M
Pa

)
Lo

ss
 m

o
d

u
lu

s 
G
” 

(M
Pa

)

Temperature T (ºC)

Ta
n

(d
e

lta
) ta

n
(δ)

103 3

2

1

0

101

10-1

102

10-3

10-2

100

75 100 125 150 175 225200 250

O
sc

ill
a

tio
n

 s
tre

ss
 σ

 (
Pa

)

Oscillation strain γ (%)

Lo
g

 —
 Lo

g
 D

e
riva

tive
1010

0.75

1.00

45%

25%

7.1%

0.79%

25 ºC Glassy Region
116 ºC Glass Transition
175 ºC Rubbery Plateau
220 ºC Molten Region

0.25

0.50

0.00

108

109

103

104

106

107

105

102

10-4 10-3 10-2 10-1 100 102101 103

O
sc

ill
a

tio
n

 s
tre

ss
 σ

 (
Pa

)

Oscillation strain γ (%)

Lo
g

 —
 Lo

g
 D

e
riva

tive

101

1.0

1.1

0.8

0.9

0.7

100

10-2

10-1

10-3

10-1 100 101 102 103

126%39%

104

O
sc

ill
a

tio
n

 s
tre

ss
 σ

 (
Pa

)

Oscillation strain γ (%)

Lo
g

 —
 Lo

g
 D

e
riva

tive

103

1.0

1.2

0.6

0.8

0.4

101

102

100

10-2

10-4

10-3

10-1

10-5

10-6 10-5 10-4 10-3

0.012%

10-2 10-1 100



3 RH110

and a lower storage modulus and a more viscous response (loss 
modulus higher than storage modulus). 

Many viscoelastic materials beyond polymers exhibit this trend 
but there are many exceptions. Milk chocolate (Figure 4) showed 
virtually no appreciable change in the linear region when heating 
from 10 °C to 50 °C and no frequency dependency on the linear 
region at either temperature despite becoming much softer; 
the storage modulus drops from 200 GPa to 12 KPa and tan(δ) 
increases from 0.1 to 0.25. Other notable exceptions were vacuum 
grease (room temperature to 90 °) as a temperature independent 
LVR, and mayonnaise, hand lotion, and latex paint (0.1 to 10 Hz at 
room temperature) for frequency independent LVR. 

CONCLUSION

The linear viscoelastic region in polymer and polymer-like systems 
tends to extend as the material gets softer. The shortest linear 
region is usually at the lowest temperature and highest frequency 
oscillation. There are many materials that follow this trend but 
several examples that show no increase in the linear region with 
heating or reduced oscillation frequency, so it is prudent to conduct 
an amplitude sweep at the extremes of the testing conditions to 
ensure quality data is collected and all data is within the linear 
region. These observed trends are valid for both rheological and 
dynamic mechanical analysis experiments. 
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