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Time-Temperature Superposition

Basic Time-Temperature Superposition Theory

The linear viscoelastic properties of polymers are both time and temperature dependent. When considering a material for
an application, many times we want to know how the viscoelastic properties will change over a long period of time (very
low frequencies) such as months or even years. Other times, we want to know the viscoelastic properties under very high
frequency (very short time) applications such as high speed impact strength. Often the response times of interest are
inconveniently long or outside the measurable limits of analytical instruments.

However, there is an empirical relationship between the time and temperature dependent properties of viscoelastic
materials known as the time-temperature superposition principle. Both time and temperature have a similar effect on the
linear viscoelastic properties of polymers. At low temperatures, the relaxation processes of a polymer, as measured in
both dynamic and transient (creep and stress relaxation) testing, take longer than at higher temperatures. The extent to
which these relaxation processes are slowed or accelerated are sometimes in proportion to the magnitude of temperature
decrease and increase respectively.

If the polymer of interest obeys the time-temperature superposition principle, then the viscoelastic properties measured at
different temperatures, but over a fixed period of time (a fixed range of frequencies) have similar shape and can be exactly
superimposed by shifting the curves horizontally along the time (frequency) axis. In effect, by changing temperature we
are able to rescale time.

Time-temperature superposition (TTS) allows us to characterize the viscoelastic properties of a material at various
temperatures over an experimentally convenient time or frequency range. The data taken at various temperatures can be
superimposed to a reference temperature of interest to extend the time range of response. The curve created by superpo-
sition is called a “master curve” and represents the time response of the material at the reference temperature.

Programming a TTS Experiment on the DMA 2980

Prior to programming the instrument parameters, we need to stop and think about what we want to accomplish using TTS.
The first step is to decide on the reference temperature (T ), or our temperature of interest. In other words, what is the use
temperature of the material? If you want to obtain information at higher frequencies or shorter times, you will need to
conduct frequency (or stress relaxation or creep) scans at temperatures lower than T,. If you want to obtain information at
lower frequencies or longer times, you will need to conduct frequency (or stress relaxation or creep) scans at temperatures
higher than T,. It is a good idea, as a starting point to scan your material at single frequency to get an idea of modulus-
temperature and transition behavior. This will let you know how wide of a temperature range you can cover on the DMA
2980 relative to your reference temperature.
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Creating The Method

Thermal Solutions™ for Windows NT® comes complete with preprogrammed method files. Among them is a file called
DMATTS.mth. The easiest way to begin programming a TTS method is to open this file and modify it to suit your needs.
The figure to the left shows the required segments for conducting

— Method Content:
Mame D& Multiples for TTS

TTS. Do NOT change any of the steps in the method. Only change
the initial and final temperatures in the method to the values you

% | Segment Deserption T require for your analysis. The only other value you may need to

1 Datastorage Off _ change to your change is the increment. This is because the total number of

2 Fouiibrate f'ot[ initial temperature frequency scans allowed so that TTS data can be shifted is 32. You
4 Frequency sweep should satisfy the following equation to make sure you do not have
5 Increment 5.00 °C . change to your bl .

6 Repeat segment 3 Unt" 7 final temperature any pro ems:

(T i Tl)/ It < 32 where T;= final temperature, T; (°C) = initial temperature, (°C) and I, = Increment size

Creating The Frequency Table

Thermal Solutions for Windows NT comes complete with
preprogrammed frequency files. TTS is best run with fre-
quency scans that will result with data points evenly spaced
on a logarithmic scale. This is because linear viscoelastic
information is interpreted using log-log scales. It is therefore
recommended that, as a starting point, you load directly a
preprogrammed frequency file named LogFrqSweep.frq. This
file ranges from 0.1 Hz to 100 Hz. There is another file called
log4decades.frq that covers a frequency range of 0.01 to 100
Hz. Ifyou prefer to program a series of frequencies on your
own, you may do so. The DMA 2980 will allow for a maximum
of 28 incremental frequencies to be programmed. You should
keep in mind that the lower frequencies will require longer
times and they will dominate the time required to run a test. It
is recommended that when programming a range of frequen-
cies, start with the highest frequency and end with the lowest.
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Programming Instrument Parameters

The final step in programming a test is to set up the instrument parameters. The instrument parameters menu is shown

Elnstrument Parameters for 2980 DMA [ 1] HE

below. For TTS experiments set the
data sampling interval to 2 sec/pt.
When setting the amplitude, remember
that TTS relies on linear viscoelastic
information. The data generated
therefore needs to be within the linear
viscoelastic region. It is up to you to
determine an amplitude that is in the
linear region. A good rule of thumb is
that polymer solids are linear up to 0.1%
strain. You can refer to Chapter 6 of
the DMA 2980 Dynamic Mechanical
Analyzer Operators Manual to
calculate the amplitude that translates
to 0.1% strain. Remember 0.1% strain is
0.001 strain units when you do your
calculations. Other instrument param-
eters, such as AutoStrain and static
force, should be set using guidelines
outlined for the clamp of choice.
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Viewing and Shifting Data

The following will cover viewing multiplexed data generated on the DMA 2980 in Universal Analysis for Windows NT and
shifting the data using the 77S Data Package. The example that follows uses a demonstration file that comes with

Universal Analysis. 1t is called Dma-pet.001. 1f you would like to practice shifting data along with this tutorial, open

this file in Universal Analysis.



Viewing data in Universal Analysis NT

The raw DMA 2980 data are typically viewed as frequency scans at different temperatures or as temperature scans at
different frequencies. Examples of both scenarios are shown below.
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Converting DMA 2980 Data File to TTS Data Format

Once the data are plotted in Universal

i Universal Analysis - [Dma-pet.txt] Analysis, the file needs to be converted into a
Edit Beszcale Graph Analyze Toaol:  View Window Help new text format prior to shifting in the 775
. == Data Analysis software. To Convert a file to
2+ Open.. Cirl+0 41 @ AuTD == Y
E Fieopen , j m> tit LE, U’" JE e Je the text format required for shifting the DMA
S Close Demonstration Sample 2980 data, goto

Cloze Al

Bemeye Aralisis,. File

Save Analyziz. .. Ctrl+5 J’

Save Session.. Export

O ptions... J/

Export Plat... TS Slgnals

Export D ata File TIT5 Signals... |

File Signals Only...
Prit,.. Chlsp oo s VT
. Flat Sigrnalz Oy,
Frint Setup... : :
. . File and Plat Signals...
Print Preview This will bring up the “Export Data File”
Esil window shown below. It is recommended at

MPa)

Export Data File

—Output signals:

[File] Storage Modulus [MFa]
[Filg] Lozz Modulus [MPa)
[File] Frequency [Hz)

this point that you review the information in
this window and press the Finish button
without changing anything.

—File parameters:

Module Type: Dk

Fun Date: 25-Feb-37 1401

Sample: PET Tape Demonztration
Sample

Size: 198600 » 64200 » 00750 mm
Operator: Apps. Lab

Method: step-izo frequency sweeps
Corrnent: 20 pr [0.1% strain] amplitude,
125% autostrain

—Output format;

£ Bitiany data file
) S5 datalile

{% Bnread shest exbfile

Total data pointz: 256

Cancel

Help




Export Data File

= = =

enter your file name here

After pressing the Finish Save in: I _ 4 Demo Files
button, the program will
automatically assign a “.fxt” ] Dma-pe. 001

extension to your file. If you %] Dma-pet. 001

would like to change the file IZ] Dma-pet b

name, enter the new name in @ FarzeRmp. 0071

the appropriate field. If you @ FCS brain. 0071

want to keep the same file

name with tr})le new extension @ Petereep

just press the Save button.

You are now ready to shift

the data in the 77S Data File name:

Analysis package.

Save

Save az type: Iﬁi‘m_l,l File [*.%]

]

Cancel
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Shifting The TTS Data

Once you have converted the file to a ““.txt” format you will
need to start the TTS Data Analysis package. To launch the

TTS Data Package go to

Windows® Start icon
d
Programs
d
Thermal Solutions
d
TTS Data Analysis
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If data on the DMA 2980 are generated using tension, compression, or
bending clamps, then the moduli will be denoted by the letter E. Ifthe
data are generated using the shear sandwich clamp, then the moduli are
denoted by the letter G. The TTS Data Analysis software must be set up
for the correct type of modulus you want to shift. The modulus type is

set up by going to

Graph
2

Miscellaneous

Graph Mizcellaneous

The following menu will be displayed
upon this selection. Select the
appropriate modulus from the
Oscillatory labels selection and click

on the OK button.

[ Large ticks
[ Large symbols
Mumber of extra zpymbols

[+ Lines
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Zoorm ba full
Sealing ...

Chrl+L

b

[+ Lock related ozcillation y-axes

DOzcillatory labels zelection

Ok

G .|

10

E and 5 [DMA)




Once you have selected the correct labels, you
will need to ensure the 77S Analysis Software is
set to the correct results mode. The TTS
Analysis Software is also used for analysis of
data generated using TA Instruments AR 1000
and CSL? rheometers which use different
analysis modes for curve fitting of rheological

data. To set the results mode go to

File
J

Results mode

Experimental Procedure Type

After selecting the results mode, you will
be prompted to select the correct proce-

dure type. Select Oscillation experi-
ment from the list given.

= Data Rheology Solutions Software

[§I=@ Edit Graph Table Analvsiz Option: Help

zUlts mode |

Open ...
Cloze
Cloze all
Save
Save all
Save ag ..

Print graph ...

Print table ... '
Print zetup ..

— Procedure Type

" Flow experiment

(" Creep experniment

& Dscillation experiment | <ag]

" Analysis results

Cancel




Load Itz file
Once you have selected the correct labels, oac Tesuns ol

EHE
open the “*.£xt” file previously created in File: narne: Folders:
Universal Analysis NT. Go to |Dma-pet.t:-:t at

Cancel |
File DM&-PET.000 B a =
\L FP.O02 NEtﬂka... |
FETFRO
Open PETHC75C.000 ~ Select your
Change to file from list
All files *.* _I j

Change the file type to “All files *. *” and
select your file from the list. Once selected
click the OK button.

Dirpves:

Allfiles *.* MR EE =

The TTS Analysis software will break the

experiment up into individual frequency
scans at the different temperatures scanned. Grap h
\ You will see a list of files loaded in the »L
upper left hand corner of the screen. Variables
Next we will set up the variables we want »L
on the plot. Go to .
Select Variables

The software will now prompt you to select an KGRl E SR UE 2 E |

x-axis variable and up to four y-axis variables.

The x-axis variable must be set to angular % axis | ang. frequency j|
frequency. A TTS plot can easily become a =

very busy plot. It is typically easier to plot 1st p-aniz | E' j|
only one variable until the shift is completed. 2nd y-axis |Mj|
Once the shift is completed the other variables )

can easily be loaded by following the same 3rd y-axis | none j'
procedure just outlined. 4th y-axis | none j|

Ok I Cancel




The next step is recommended but not a required step for

conducting the analysis. It is highly recommended that
you conduct the following step if you are not familiar with
the TTS Analysis software. This step involves turning off
the graph key. Go to

columns 1 |

~ Border

[ Display border Graph

— remove check \L
v Thick lines fr -
om this box Key

— Positioning

X position | manual positioning jl

¥ position | manual positioning =] This step will remove the key from the plot. Typically the

key in a TTS plot can overtake the plot and hide the data.
The key can also be confusing for those not familiar with

~ Font and colowrs

Font ... | the TTS analysis package.
Sample text
Border colour __. |

Back colour __. |

Ok I Cancel

Select Analysiz Model E

Oldroyd a
The next step is to select the analysis model. There are ??293?.,,3,,;“8
two TTS analysis models, they are TTS Arrhenius and J
TTS Williams-Landel-Ferry. Ifyou are not sure which of Integrated polynomial
the two analysis models to use, you should consult a Differentiated polynomial =
book which covers the topic. To select the model go to log aT = -c1(T - TO} / [c2 + T - TO)

AnalySiS Ok I Cancel
s

Analysis Model




Once you have selected the model, click the OK button. We are now ready to plot the data. This is done simply by
pressing the Plot All Curves icon located below the file list.
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The next two steps will all involve the 77:S menu shown below.

= Data Rheology Solutions Software
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| Dscillation | Set reference cuve |
Shift curves
Reset shift factors
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Before actually shifting the data we . Select Reference Temperature
need to set the reference curve. By

selecting a reference curve we are 35.0
choosing a curve (frequency scan) at 39.0
our temperature of interest. The curve :gg
we select will remain unchanged and all 51.0
other curves will be shifted relative to 5.0
the reference curve. Higher tempera- 23.0
ture frequency scans will shift to the 63.0
67.0
left of the reference curve (lower 71.0
frequencies or longer times) and lower :

temperature data will shift to the right 790
of the reference curve (higher frequen- 83.0
cies or shorter times). To select the gig
reference curve simply go to 95.0
99.0

103.0

TTS 107.0

111.0

\L 115.0

Set reference } ;3;3

127.0

curve 1710

135.0

. . 139.0

The menu to the right titled “Select 1432.0

Reference Temperature” will be 147.0

displayed showing a list of tempera- 151.0

tures. You simply need to pick the }ggg

temperature of interest from the list and
click the OK button. The example on
the right shows 75°C selected as the
reference temperature. This means the
shift that follows will expand the
frequency range (time scale) of the data at this temperature. Now that the reference curve is selected we can shift the
curves. To shift the curves go to

TTS
v
Shift Curves

Ok I Cancel

The software will now physically move the curves relative to the reference curve. The following figure shows the results
of shifting the PET data to a reference temperature of 75°C.



TA Instruments: Polyethylene Terephalate Shifted curves at Reference Temp of 75°C
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If you look back on the data we plotted before the shift you will see the data covered a frequency range of -1 to 3. The
frequency range of the shifted data covers a log frequency range of -13 to 18. We have extended the log (Hz) frequency
range from 4 decades to 21 decades. This clearly demonstrates the power of time-temperature superposition for extending
the time (frequency) range of your experiment.

The next step is to generate the final master curve file. The plot shown above represents all the individual plots with the
shift factors applied. What we haven’t created yet is a file which contains the master curve information in a useable
format. Prior to creating the final master curve file it is a good idea to assess how well the data shifted by viewing the
shift factors and how well the data fit the model you are using.

The following steps will cover analyzing the TTS data using plots of shift factors. If you are not comfortable with the

concept of shift factors it is recommended you consult a reference which covers the topic. The end of this tutorial lists
several references which cover time-temperature superposition in detail.
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Viewing the shift factors and fitting the data to the selected model are
steps we take prior to generating the final master curve file. Remember
TTS is an empirical relationship and we must ascertain for ourselves how
well the data fit the model before we can make any predictions about
material performance from the model. To view the shift factors go to

Graph
2

View shift factors graph.
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A plot of the shift factors versus temperature will replace the plot of the shifted data. The shift factors plot for the PET

data at a reference temperature of 75°C is shown below.

TA Instruments: Polyethylene Terephalate Shift Factors at Reference Temp of 75°C
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The data can now be fitted to the model. The fit we are
going to use for this example is the WLF fit. To fit the data
to the selected model go to

Analysis
%
Analyse

The software will fit the data and display the calculated
parameters as shown below.

Analyziz Results - TTS WLF

Heference curves

+= Data Rheology Solutions Software

File Edt Graph Table |[RColeng 175 Options Help

| Dscillation | Aralies medel. ;
dalpee [inte . b—
DMA-PET.010 =it
DMA-PET_020 Dizplay calculated parameters ..
DMA-PET.030 Save parameters to database
gni:gg¥g;g Delete analyziz
DMA-PET. DGO [elete &l amalyzes
DMA-PET.O70 Select databaze file ...
DMA-PET.080 Mew databaze file ...
Save databaze file &
ldEcellaneas. ..

i

The fit reports back information specific
| to the WLF or Arrhenius curve fits.

The WLF fit, which was chosen for this
example, will report two constants C1

|D MA-PET_110-0scillation step

and C2. The Arrhenius fit will report an
activation energy. Consult a reference

for more details on these parameters.

The parameter that we want to focus in

on for the validity of the fit is the

standard error. The standard error

measures how well the data fit the

model. It is up to the users discretion

to determine whether or not the

standard error is too large to be

considered acceptable. A discussion of

cl [24.15
c2 [a3.72
reference temperature C |?5-|] Deg C
reference temperature K [348.1 K
standard error [22.78
Variable 1 [0 Units 1
Variable 2 [0 Units 2
Print __. End doc ... |

the standard error of a curve fit can be
found in any basic text on statistics

which covers regression. Since the
WLF and Arrhenius are different

models, data that superimpose very nicely may have a large standard error for one model and a small standard error for the
other. You can try both models to see which model best fits your data.



After viewing the parameters, hit the QK button. You will now see the shift factors versus temperature plot displayed
with the fit on the plot. This plot will show you visually how well the data fit the model. The WLF fit for the PET example
covered here is shown below.

TA Instruments: Polyethylene Terephalate Shift Factors at Reference Temp of 75°C
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If you are satisfied with the TTS analysis after
fitting the data to the chosen model, then you

can finish TTS by creating a master curve file. Solutions Software

To create the master curve file go to . — ]
s Table Analysis Options Help

Graph ] Set 1eference curve PR
J Shift curves M
View Main Graph a Reset shift factars
10.0(
Then go to Generate master curve ...
Qptions ...

TS
! I

Generate Master Curve

The purpose of generating a master curve file is to put the data into a useable format. This is the form you want to have
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the data in to make predictions based on the shifted data. When you select generate master curve from the TTS menu
you will be prompted to enter a file name

for the master curve. Enter the file name Experiment D etails X] |

and any desired notes and click on the

OK button.
File name enter file name /H’PETHE?EE |
To view the newly created master curve, A ] for master curve | 0 |
you need to open the file just created. Zun number
To open the master curve go to DOperator |.|\'-'|.pps. Lab |
Motes PET Film Master Curve at a Heference
Temperature of 75°C
File
Open
Ok I Cancel

The file will be stored as an oscillation file. Ifyour file does not show in the list, check to see if your list of file types is
set to “oscillation *.?20”. Simply select your file from the list and click the OK button.

Load results hle |
File name: Folders: 0k I
PETMC75C.000 a
Cancel

|DM;&-F’ET.EIEIEI e an ]

\ Metwoark....
\ select your

file from list

- -

Lizt files af wpe: Dirives:
Oscilation files =770 x| |Ea |




The resulting master curve of for the PET sample is shown below.

TA Instruments: Polyethylene Terephalate Shifted curves at Reference Temp of 75°C
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Suggested References for TTS

Ferry, J.D., Viscoelastic Properties of Polymers, John Wiley & Sons, Inc. New York, 1980.
ISBN 0-471-04894-1

McCrum, N.G,, Read, B.E., and Williams, G., Anelastic and Dielectric Effects in Polymeric Solids, Dover Publications, Inc.,
New York, 1991. ISBN 0-486-66752-9 (Copyright 1967 by John Wiley & Sons Ltd. and reprinted in 1991 by Dover)

Ward, .M. and Hadley, D.W., An Introduction to the Mechanical Properties of Solid Polymers, John Wiley & Sons Ltd.,
West Sussex, England, 1993. ISBN 0-47193887-4

For more information or to place an order, contact:

TA Instruments, Inc., 109 Lukens Drive, New Castle, DE 19720, Telephone: (302)427-4000, Fax: (302)427-4001
TA Instruments S.A.R.L., Paris, France, Telephone: 33-01-30489460, Fax: 33-01-30489451

TA Instruments N.V./S.A., Gent, Belgium, Telephone: 32-9-220-79-89, Fax: 32-9-220-83-21

TA Instruments GmbH, Alzenau, Germany, Telephone: 49-6023-30044, Fax: 49-6023-30823

TA Instruments, Ltd., Leatherhead, England, Telephone: 44-1-372-360363, Fax: 44-1-372-360135

TA Instruments Japan K.K., Tokyo, Japan, Telephone: 8§13-3450-0981, Fax: 813-3450-1322

Internet: http:/www.tainst.com

e-mail: info@tainst.com
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