Lab 9: Dynamic Mechanical Analysis
1. Introduction

In this laboratory you will be using a Dynamic Mechanical Analyzer (Model Q800, TA Instruments) to investigate how the storage modulus of polydicyclopentadiene (polyDCPD) varies with frequency and temperature.  You will then use the principle of time-temperature equivalence to generate a master curve of storage modulus vs. frequency at a particular temperature.

2. Background

The linear viscoelastic properties of polymers are dependent on both time and temperature. A thorough description of the theories behind the inter-relationship of time and temperature is beyond the scope of this lab manual. In general, however, the relaxation process of a polymer at a particular temperature will be enhanced at elevated temperatures, i.e. the relaxation times will be shorter at any higher temperature. In essence, the time-temperature superposition principle assumes that by changing the temperature, the complete relaxation spectrum is affected by the same degree. Hence, increasing the temperature shortens all relaxation times by the same factor. There are some empirical relationships that deal with the dependence of the enhancement or slowing down of the relaxation processes on the change in temperature. One should note that not all materials obey the time-temperature superposition principle. The polymers that do obey are referred to as thermorheologically simple materials.

Usually, rheological measurements are made such that either the temperature or the frequency/time is held constant while the other parameter is varied. In the case of oscillation experiments in which the temperature is held constant and the frequency or time is varied, the data spans over a two to four decade range in frequency/time. By repeating such tests over a number of temperatures, one obtains a set of isothermal dependencies of, say, storage modulus (E’) or loss modulus (E’’) in shear versus frequency, w. If the material is thermo-rheologically simple, then one can shift any of the linear viscoelastic parameters, e.g. E’, E’’, J’, J’’, η’, η’’, or

G(t), J(t), etc., along the time/frequency axis such that they are superimposed on one another to generate a master curve at a particular temperature.

So, time-temperature superposition (TTS) makes it possible to characterize the viscoelastic properties of materials at various temperatures over an experimentally convenient time or frequency range. The curve shifting procedure creates a master curve that represents the time response of a material over a wide range of times/frequencies at a particular reference temperature. TTS can be used to obtain master curves from creep, stress relaxation and oscillations experiments.
3. Programming a TTS Experiment on the DMA 800
It is necessary to ascertain what one would like to accomplish using TTS. Usually, the material under consideration will have a use temperature (or a range thereof), and an understanding of its properties at different time scales at this temperature is desired. A reference temperature, Tr, is selected based on the use temperature and the data at other temperatures is shifted to this reference temperature. To obtain information at higher frequencies or shorter times, frequency scans (stress relaxation or creep) should be performed at temperatures lower than Tr. To obtain information at lower frequencies or longer times, frequency scans have to be performed at temperatures higher than Tr. For example, to get a description of PET for room temperature application over very long time scales, one should perform frequency sweeps within the temperature range of, say, 25°C to 200°C, and then pick 25°C as the reference temperature.
A good starting point is to perform a temperature scan of the material at a single frequency to get an idea of the modulus–temperature and transition behavior. This provides a basis for the temperature range to be covered on the DMA 800 relative to the reference temperature. 
4. Test Parameters
To run the TTS experiment with the Thermal Advantage NT software, first the clamp and program mode must be selected. This is done by going to Experimental ( Mode…
and selecting DMA Multi-Frequency.  The film tension clamp has been selected in this experiment.
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Figure 1 Screen capture of the Mode selection window in Thermal Advantage NT.
There are procedure templates for TTS experiments in the Thermal Advantage software. Based on the mode selected, one should select the appropriate procedure on the Summary page, as shown below.
[image: image2.emf]
Figure 2 Screen capture of the Mode selection window in Thermal Advantage NT.
Now, the user has to enter the test parameters in the Procedure page, which is shown below in Fig. 3. Since TTS relies on linear viscoelastic information, it is important to select an amplitude such that the deformation is in the linear regime. A good rule of thumb is that polymeric solids are linear up to 0.1% strain (or 0.001 strain units). A strain lower than 0.1% is preferable. 
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Figure 3 Screen capture of the Procedure pate in Thermal Advantage NT.

Next, enter values in the fields for Start temperature, which is usually the lowest temperature, and the Final temperature, i.e., the highest temperature to run the frequency sweeps/creep/stress relaxation. A Temperature increment of 5°C is usually a well-sized step to get good overlapping in the various frequency scans. For most materials and sample dimensions, an Isothermal soak time of 5 minutes is usually enough for homogeneous temperature distribution within the sample. When all the parameters have been entered, click on Apply again.
5. Creating the Frequency Table
The set of frequency values at which the material will be tested must be evenly spaced over a log scale because viscoelastic data is interpreted on a log-log scale. Also, individual sweeps have to be performed with a wide enough range in frequencies so that there is ample overlap between the sweep data at different temperatures. Usually, a 3 decade span between the lowest and the highest frequencies and a temperature increment of 5°C will lead to sufficient overlap in the data. Press the “Frequency Table” tab on the procedure screen to get to the following screen:
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Figure 4 Screen capture of Frequency Table. Select the Log radio button and enter the temperature range and the points per decade such that the total number of frequencies is less than 28.

Select the Log radio button and enter the frequency range. A frequency range of 100 to 0.1 Hz is adequate for any TTS experiment. Gathering data at frequencies below 0.1 Hz will greatly lengthen the time of the experiment. For the field for Points Per Decade field, a value of 5 is standard for most applications. In this example, three decades of frequncies are programmed (100 to 10, 10 to 1 and 1 to 0.1 Hz) at 5 points per decade. These parameters will yield 15 points in each frequency sweep. When selecting the frequency range and points per decade Paramemers, values must be chosen such that the total number of frequencies to be scanned does not exceed 28. One can also enter a discrete set of frequencies.
The lower the frequency, the longer are the times required for measurement. Hence, the total duration of the test will be dominated by the time taken to measure low frequency values. For this reason, it is recommended that the range of frequencies be programmed starting with the highest frequency and decreased to end with the lowest one.
6. Viewing Data in Universal Analysis NT
The raw data are typically viewed as frequency scans at different temperatures or as temperature scans at different frequencies using Universal Analysis NT. Examples of both scenarios are shown here. Once the file C:\TA\Data\DMA\Dmapet. 001 has been selected, the following window enables one to select the signals and their axes.
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Figure 5 Screen capture of the opening of a data file in Universal Analysis NT.
Click on Signals to bring up the following window and select the signals that need to be assigned to the different axes.
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Figure 6 Assigning signals to different axes in Universal Analysis NT.
Selecting Frequency as the X signal brings up the following screen (Fig. 6). Figure 7 shows the scenario in which temperature is plotted on the X axis.
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Figure 7 Screen capture of Dma-pet.001 viewed with Universal Analysis NT. Frequency scans at different temperatures.
7. Converting the DMA80 Data File to TTS Format
Once the data are plotted as shown above, the file has to be exported in text format prior to shifting. To convert the file to the required text format, select the following from the file menu:
This is shown in the illustration below: 
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Figure 8 Screen capture of exporting the TTS Signals from Univeral Analysis NT.
This will bring up the the window shown below in Fig. 8. All the signals are selected by default. Upon selecting the output signals to be exported, click on Finish
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Figure 9 Screen capture of the selection window for the signals to be exported..
This brings up the following window, in which, a new filename may be entered. The program automatically assigns a “.txt” extention to the filename.
8. Assignments
Your assignment is to perform a frequency sweep (measuring the storage modulus versus frequency) for polyDCPD (Dicyclopentadiene) with the following experimental conditions
Temperature: 130, 140, 150, 160, 170 oC
Frequency range: 1 to 100 Hz
Amplitude: 5 μm
Preload: 0.1 N
Force Track: 125%
You will then generate a master curve as described below.
Step 1. Generate TTS data of Storage Modulus from Data file. Use Microsoft Excel (or your graphing software of choice) to plot the storage modulus versus frequency for each temperature on the same graph.  You do not need to draw loss modulus and tan delta  (NOTE: Figure 10 is an example of what it will look like, but the frequency range is 1 to 100 Hz in our experiment. Note that the x-, and y-axis are log scale)
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Figure 10 Graph of TTS Data before shifting (Example).
Step 2. Generate a master curve of storage modulus
First, choose the reference temperature of 140 oC. The individual frequency scans can be manually shifted to fine-tune the master curve. Since 140 oC is set as a reference temperature, the frequency curve for 140 oC is fixed as shown in Figure 11 (“Initial range” shown in the middle of figure) and the frequency curves for the other temperatures are shifted on the horizontal axis. Shift the data so that the heads and tails of the curves overlap. After shifting all but the reference frequency curves, you will have generated a master curves of storage modulus as shown below (Figure 11 is an example for another polymer. Your data will be different.). 
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Figure 11 Shifted Curves to a reference temperature (Example).

Step 3. Draw shift factor vs. Temperature.
The amount of shift of a frequency scan that is associated with a particular temperature will be different from that of a frequency scan associated with any other temperature. Therefore, for every temperature, there is a certain characteristic shift-factor. One mathematical model that is used to relate the temperatures to the respective shift-factors is the William-Landel-Ferry (WLF) equation.  The WLF equation is usually valid for materials from temperatures below Tg up to about Tg+100 °C. It is a good idea to assess the fit by observing how well the shift-factor versus temperature data matches the best fit mathematical model. 
Begin by plotting the shift factor versus temperature curve. Use the WLF model to fit this data.  The WLF equation is
log aT = -C1( T-Tr)/[C2 + (T-Tr)]   (Temp. is Kelvin)
where,
  log aT is the horizontal shift factor.
                      Tr: is chosen as Tg (Tg of polyDCPD is 140 °C)
                      C1 and C2 are constants; however for many materials C1 = 17.4 and C2 = 51.6 so
                            you can start the curve fit using C1 = 17.4 and C2 = 51.6. 
Fit the curve using the WLF model.   How well does the data obtained fit the model? What are the best values of C1 and C2?
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Figure 12 Shift factors vs. temperature and the WLF fit with the values of its parameters (example).
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