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TA Instruments Dynamic Mechanical Analyzer DMA Q800
Getting Started Guide
Measurement Principles of the DMA Q800
How does the instrument work?
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The DMA Q800 is a stress (force) controlled instrument.  This is initially confusing to new users because when we program the DMA Q800 we enter an amplitude (strain) as our commanded parameter.   A generic schematic of a controlled stress DMA is shown to the right.  A controlled stress DMA is composed of a motor, which applies force (stress) to the sample, and a displacement sensor that measures the amplitude (strain).  When programming the instrument, we request a deformation in the form of amplitude.  The instrument simply applies force (its control parameter) until it measures the amplitude that we requested.  It’s that simple.   An example of a typical measurement over a wide temperature range is shown here.  Note that the measured amplitude (strain) is constant throughout the test.  The controlled force variable changes as the stiffness of the sample changes to keep the amplitude constant.

FORCE and AMPLITUDE
What you need to know!
Now that you know how the DMA Q800 makes a measurement, you need to understand some of the basic specifications of the instrument.  The DMA Q800 is stress or FORCE controlled.  This means is that the motor can apply any force within the range of its specifications.  The DMA Q800 uses an optical encoder to measures displacement.   This means that the amplitude you command must be within the minimum and maximum measurement limits of the optical encoder.  So some important facts to know are as follows:

· The instrument controls force. The force range of the instrument is 0.0001 N to 18 N.  Know the Force Range!

· The instrument measures strain.  The amplitudes you can command in a dynamic experiment are from ( 0.5 m to 10,000 m.  Know This Range!  The following table gives some suggestions for starting amplitudes to use in dynamic testing for various clamps.  

TABLE 1: Recommended Starting Amplitudes for Dynamic Experiments

	Clamp Type
	Amplitude, m

	Tension Film or Fiber
	15 to 25

	Compression
	10 to 20

	Three Point Bend
	25 to 40

	Dual/Single Cantilever
	20 to 30

	Shear Sandwich
	10 to 20

	Specialty Fiber
	15 to 25


· If the amplitude you request does not require at least 0.0001 N to achieve, the measurement will be out of the specification of the instrument.  If force generated is below 0.001N, increase the amplitude to boost the signal.  By increasing the amplitude, you are increasing the force required to deform the sample and achieve that amplitude.  It is recommended that you increase the amplitude in increments of 5 to 10 microns.  (NOTE: If amplitudes are too large, you may deform the sample outside of the linear viscoelastic region, LVER.  The LVER will be discussed later.)  
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· If the amplitude you request requires more than 18 N to achieve, the measurements will more than likely be fine.  When the DMA Q800 is driving the full 18 N, the module will display “Force Limit”. Basically what happens is the sample is so stiff that the full 18 N of the DMA Q800, is not enough force to displace the sample to the requested amplitude.  The measurement is not valid if the measured amplitude at full force is below the 0.5 m limit of dynamic displacement.  If the displacement is above 0.5 m, then let the test continue.  It is business as usual.  A schematic of this situation is depicted below.  The instrument will continue to command the 18 N of force until the requested amplitude is achieved.  As the sample heats, the sample stiffness will decrease and the force required to drive the desired displacement will decrease.  Eventually the instrument will be able to command enough force to maintain the commanded displacement.  At this time the force will begin to decrease to keep the amplitude constant.   If you are not measuring at least 0.5 m at full force of 18 N, you will need to change either the size of the sample, the clamp you are using, or both.  Changing the sample size and clamp type will change the sample stiffness

Sample Stiffness and Modulus Calculations
Perhaps one of the most overlooked considerations when designing an experiment is the sample geometry, i.e. sample length, width, and thickness.  Many times it is assumed that as long as the sample fits into the clamp of interest, accurate measurements can be made.  For example, the Tension Film clamp of the DMA Q800 can accommodate samples up to 2 mm thick, however this does not necessarily mean that all samples of this thickness can be tested.  To understand why the sample size is such an important consideration we must discuss the difference between sample modulus and sample stiffness.  
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The fundamental measurement of the DMA Q800 is sample stiffness K.  Sample stiffness is defined as the force applied to the sample divided by the amplitude of deformation (force in N/displacement in m).  The stiffness of a material is an extrinsic property that is dependent on its geometry (physical dimensions).  The modulus of a material however, is an intrinsic property that is independent of its geometry.  As an example, consider a piece of aluminum foil.  It is very easy to bend the aluminum foil.  Now take a bar of aluminum one-inch thick.  This piece of aluminum is not easily bent.  Both the aluminum foil and bar are made of the same material but simply changing the physical dimensions of the material changes the amount of force required to deform the material.  If we were to measure the modulus of both the foil and bar, we would get the same number.  Put another way, two materials of different modulus can have the same stiffness if the dimensions of the two samples are different.  This concept is shown schematically in the figure to the right.  

After the instrument makes the fundamental measurement of stiffness, the materials modulus is then calculated.  Explanations of modulus calculations for dynamic and transient measurements are as follows:

· Dynamic Measurements 

In dynamic experiments, the DMA Q800 measures the raw signals of force, amplitude of deformation, and phase angle.  Instrument calibration constants are applied to the raw signals.  Force and amplitude are used to calculate the complex stiffness K* which is used with the phase angle to calculate the storage and loss stiffness (K’ and K”).  Tan  is calculated as the ratio of K” to K’.  Storage and loss moduli are then calculated by multiplying the raw stiffness measurements by the appropriate geometry factors GF.

· Transient Measurements
In transient measurements, the DMA Q800 measures the raw signals of force and amplitude of deformation.  Stress and strain are derived from the raw force and amplitude normalized for the geometry factor GF.

What you need to know!

The stiffness range of the DMA Q800 is 100 N/m to 10,000,000 N/m.  Know this range!  If the sample stiffness is above or below this range, you will need to change the size of the sample for the clamp being used or change clamp type altogether.  The following table is a guide for increasing or decreasing sample stiffness.

TABLE 2: Guide for Changing Sample Stiffness

	Clamp Type
	To Increase Stiffness……
	To Decrease Stiffness…….

	Tension Film
	Decrease length or increase width.  If possible increase thickness.
	Increase length or decrease width.   If possible decrease thickness.

	Tension Fiber
	Decrease length or increase diameter if possible.
	Increase length or decrease diameter if possible. 

	Dual/Single Cantilever
	Decrease length or increase width.  If possible increase thickness.

Note: L/W ( 10
	Increase length or decrease width, if possible decrease thickness.

Note: L/W ( 10

	Three Point Bending
	Decrease length or increase width.  If possible increase thickness.
	Increase length or decrease width.   If possible decrease thickness.

	Compression – circular sample
	Decrease thickness or Increase diameter.
	Increase thickness or decrease diameter.

	Shear Sandwich
	Decrease thickness or Increase length and width.
	Increase thickness or decrease length and width.


EXAMPLE: 
The geometry factor, GF, equations and operating windows can be used to help you determine both the optimum sample size for a sample under test, and the modulus range for a particular sample size.  The geometry factors and operating windows are found in Chapter 5 of the DMA Q800 Operator’s Manual (PN984004.001). 

The following is an example of using an operating window and the geometry factors 

to determine if a film of a particular size can be measured using the Tension Film Clamp.
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The operating window above is for the Tension Film clamp of the DMA Q800.  To use the window, calculate the geometry factor using the dimensions of the sample to be tested.   Strike a vertical line at the calculated geometry factor.  The maximum and minimum modulus will be where the vertical line crosses at the upper and lower limits of the geometry window. 

The following is an example of using the geometry factors and stiffness range to calculate the modulus range for a film sample in tension film clamp:

For Tension Film Clamp: GF = L/A where L is the length and A is the cross sectional Area

The sample modulus is calculated in the DMA Q800 by multiplying the measured sample stiffness, Ks, by the geometry factor, GF.  

Modulus = Ks x GF or Modulus = Ks x (L/A)

The measurable stiffness range of the instrument is a fixed quantity between 100 to 10,000,000 N/m.  It can be seen from this equation that the measurable modulus range for a given sample size can be determined by solving the equation at the minimum and maximum stiffness values.  Note we can solve the modulus equation above for stiffness as follows

Ks = Modulus/GF or Ks = (Modulus x A)/L

Since the modulus of the material is an intrinsic property, i.e. independent of the sample dimensions, it can be seen that the sample dimensions must be selected to yield stiffness values within the allowable measurable range of the instrument.

Static Force and Force Track (Autostrain)

The tension film, tension fiber, three point bend, and compression clamps are all tensioning” clamps, or clamps which require a static offset force.  A discussion of the difference between tensioning and nontensioning clamps can be found in Chapter 5 of the DMA Q800 Operator’s Manual (PN984004.001).  These clamps require programming a “static force” and in most cases when running temperature scans, “force track” (or autostrain).  Let’s define the function of these parameters.

The static force when used with force track (autostrain) is the force placed on the sample when the “Measure” button on the module is pressed.  This following describes the purpose of the “static force” parameter when used with the following clamps.

· Tension film or fiber: Applied to remove the buckle from a sample in tension so an accurate length measurement can be made.
· Compression:  Applied to keep upper plate in contact with sample so an accurate thickness measurement can be made.

· Three point bending Applied to keep center fulcrum in contact with sample prior to starting dynamic oscillation.

Static force when used without force track (autostrain) is simply the static force that is maintained on the sample for the duration of the test.  There are no recommended starting values for static force when used alone.  There is only one requirement; the static force used must exceed the dynamic force generated at all amplitudes and frequencies in the test chosen. 

Force track (autostrain) is a feature that will keep the static load a user defined proportion greater than the dynamic load required to drive the selected amplitude.  As you scan a sample through a wide range of temperature, the stiffness of the sample may vary greatly, especially for amorphous and semicrystalline thermoplastic polymers.  When the sample is at its stiffest, the static load is required to be high in order to drive the dynamic amplitude on the sample.  If the high load were maintained for the entire test, as the sample softens, it may creep significantly.  However, as the sample softens, the force required to drive the dynamic amplitude decreases, and therefore the static load that is required to drive the amplitude also decreases.  Force track (autostrain) acts to reduce the static force as the sample softens to minimize the risk of creep during the scan.  

The following table gives recommended values for static force and force track (autostrain) for the tensioning clamps.

TABLE 3: Guide for Initial Static Force and Force Track (Autostrain) Parameters

	Clamp Type
	Static Force
	Force Track (autostrain)

	Tension Film
	0.01 N
	120 to 150%

	Tension Fiber 
	0.001 N
	120%

	Compression
	0.001 to 0.01 N
	125%

	Three Point Bending

Thermoplastic Sample
	1 N
	125 to 150%

	Three Point Bending

Stiff Thermoset Sample
	1 N
	150 to 200%

Can use constant static force


NOTE: Minimizing the amplitude and force track (autostrain) percentage will minimize the risk of creep as the sample softens.

Choosing Parameters for Multi-Frequency and Multi-strain Modes

 FREQUENCY

The frequency range of the DMA Q800 is 0.01 to 200 Hz.  This is the frequency range the instrument’s motor is capable of driving, however, the upper frequency that can be applied to a sample is dependent on the stiffness of the sample.  The higher the sample stiffness the easier it will be to drive the sample at higher frequencies.

Single Frequency Temperature Ramp Scan

If you do not know at what frequency you are interested in running a test, and want to run a typical temperature ramp test for determining the location of transitions in a material, the recommended starting frequency is 1 Hz.  A frequency of 1 Hz is a “benchmarked” standard scan.  

The limiting factor in selecting a frequency for a test is the data collection rate.  The lower the frequency, the longer it will take to collect data.  This can cause very big voids in data points over a wide temperature range if the frequency selected is too low (and/or the ramp rate is too high).  When running a temperature ramp scan at a single frequency, the data will be collected according to the following:

First data point in the scan: t = 7/F, where F = frequency in Hz

Second through last data points: t = 3/F

So if you are running a 1 Hz scan, the first data point will be taken at 7 seconds into the scan and the second through the last data points will be taken every 3 second thereafter.

Multi-Frequency Temperature Ramp Scan
If you would like to run multiple frequencies during a temperature ramp you should run only two or three frequencies in a single scan.  The minimum frequency in a ramp scan should be no lower than 0.5 Hz.  This is because when running multiple frequencies each data point at each frequency will be taken at a time of 7/F.

For example, say you are running a temperature ramp at 3°C/min and at frequencies of 0.5 Hz, 1 Hz, and 5 Hz.  The total time required to scan through all three frequencies will be:



t = 7/0.5 + 7/1 + 7/5 = 14 + 7 + 1.4 =22.4 seconds   

This scenario will give approximately three data points every degree.  In essence, this translates to a data point approximately every one degree, at each frequency in the sweep.  This generates more than enough data points to define the transitions smoothly. 

NOTE: For information on running multi-frequency scans for time-temperature superposition TTS see TA-246.

Temperature Ramp Rate

The recommended temperature ramp rate for DMA experiments is from 1°C/min. to 5°C/min.  The temperature ramp rate in a DMA experiment should not exceed 5°C/min.  The choice of ramp rate will depend on the sample size, the frequency or frequencies of interest, and the desired degree of accuracy in transitions.  When designing a test consider the following:

· The faster the heating rate, the more the sample will lag the actual temperature and transitions will be pushed to higher temperatures.  Slower heating rates (1 to 3°C/min.) will give more accurate transition temperatures.  If the absolute temperature of the transition is desired, then a step and hold temperature profile should be programmed.

· Big and thick samples, such as those used in three point bending and cantilever-bending clamps will lag the heating rate more than thin samples, such as films and fibers.  

· The lower the frequency, the less often data will be acquired.  Low frequencies (<0.5 Hz) and fast heating rates (5°C/min.) are not good combinations.   Make sure data will be acquired at reasonable time intervals for the ramp rate selected (see time for data collection above).

A recommended combination for a single-frequency temperature ramp is a frequency of 1 Hz and Ramp rate of 3°C/min.

Real-Time Signal Display

Become VERY familiar with the REAL-TIME Signal Display
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The real-time signal display can guide you through just about any question you may have pertaining to the validity of your experimental test set-up as long as you know your instruments limitations. 

Selecting the right parameters when conducting dynamic mechanical measurements on the DMA Q800 is very important for achieving accurate and reproducible results.  Parameter selection is also typically the most frequent question for new users.  The DMA Q800 is equipped with an on-line signal display that aids the user in selecting valid instrument parameters. After measuring sample dimensions, and mounting the sample in the appropriate clamp, press the MEASURE key on the Q800 module keypad and view the signal display.  When running a dynamic experiment (multifrequency and multistrain mode) pay special attention to the following signals:

Amplitude: Should achieve and maintain the value programmed.  If running a multistrain experiment, this amplitude will cycle through the values programmed. It should be noted that the interpretation of the data might rely on linear viscoelastic theory in which case the data should be collected at an amplitude within the linear viscoelastic region of the material.  

Stiffness:   Should be within instruments measurable range of 100 N/m to 10,000,000 N/m.   

Drive Force: Drive force should between 0.0001 N and 18 N.  If the drive force is not within range, increase the programmed amplitude to increase the drive force or increase the stiffness of the sample by changing the physical dimensions of the sample.  Increasing the frequency will also increase the drive force.

Static Force: If Force Track (formerly Autostrain) is used, the static force should adjust to be the set percentage greater than the drive force required to maintain the amplitude programmed.  For example, say an amplitude of 20 microns is selected with an auto strain setting of 120%.  If the instrument requires 1 N of dynamic force to maintain the set amplitude, the static force should adjust to 1.2 N.  In the above example, a Force Track setting of 150% was used.   If using constant static force mode, the static force should read the value set in instrument parameters.

If the initial conditions are acceptable i.e., smooth oscillation and good modulus values, then start the experiment.  If the values are not acceptable, then change conditions appropriately.

Measuring the Linear Viscoelastic Region of a Material

WHY IS THE LINEAR VISCOELASTIC REGION IMPORTANT

In order to use a DMA to accurately determine mechanical properties and develop morphological relationships (crystallinity, molecular weight, crosslinking, etc).1, the material must be deformed at an amplitude that is within the linear viscoelastic region of the material.  Within the linear viscoelastic region, the materials response is independent of the magnitude of the deformation and the materials structure is maintained in tact (unbroken).  Characterization of the material within the linear region yields a “fingerprint” of the structure of the polymer.  Therefore, any differences in the structure of  polymers can easily be measured as differences in the dynamic mechanical properties.  

WHAT IS THE LINEAR VISCOELASTIC REGION?
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The figure below shows the response of a viscoelastic material to increasing strain (amplitude). The slope of the stress-strain curve is equal to the modulus.  In the initial stages of deformation, the slope of the stress versus strain curve is constant. Since the slope of the stress-strain curve is constant, the modulus is constant.  Put another way, we say the response is linear, or the modulus is independent of the strain.  At some point, as the deformation gets larger, the slope of the stress-strain curve is no longer constant and the modulus is now a function of the magnitude of the strain. The strain at which the slope of the stress-strain curve is no longer constant, or the point at which the modulus becomes a  function of the applied strain is called the critical strain c.  In almost all cases the modulus will decrease with increasing strain after the critical strain. To find the end of the linear region, a good rule is to find the amplitude at which the initial value of the storage modulus changes by 5% (eg. the storage modulus at the lowest amplitude in the sweep).

Special care should be given when selecting an amplitude (strain) for a DMA test.  As a general rule of thumb, solids are linear at strains less then 0.1% (0.001 strain units).   However, this is a general rule and does not apply to all samples, so the linear region may require verification.  The way the linear region is verified will depend on whether you are using a “tensioning” or “non-tensioning” clamp.  We will discuss each separately.

MEASURING THE LINEAR REGION FOR “NON-TENSIONING” CLAMPS
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“Non-tensioning” clamps include dual and single cantilever and shear sandwich only.  The linear region for non-tensioning clamps can be measured using a strain sweep test.  In a strain sweep test, the frequency of the test is fixed and the amplitude is incrementally increased.  To determine the linear viscoelastic region, the storage modulus should be plotted against the amplitude, as the amplitude is the control variable in the DMA Q800.  To find the end of the linear region, a good rule is to find the amplitude at which the initial value of the storage modulus (eg. the storage modulus at the lowest amplitude in the sweep) changes by 5%.  The figure below shows a comparison of normalized storage modulus versus amplitude for a polystyrene and a filled silicone elastomer sample.  The storage modulus was normalized for comparative purposes.  It can be seen in the figure below that the polystyrene sample has a much longer linear region as compared to the filled elastomer.  After finding the linear region, subsequent scans, such as temperature ramps and frequency sweeps, should be conducted at amplitudes within the linear viscoelastic region.   
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MEASURING THE LINEAR REGION FOR “TENSIONING” CLAMPS

The tension film, tension fiber, three point bend, and compression clamps are all tensioning” clamps, or clamps which require a static offset force.  A discussion of the difference between tensioning and nontensioning clamps can be found in Chapter 5 of the DMA Q800 Operator’s Manual (PN984004.001).  A discussion of parameters to use with these clamps is discussed in section titled “Static Force and Force Track (AutoStrain)”. Because these clamps require maintaining a “static force” during an the oscillation, the strain sweep test discussed above can not be used to “STRICTLY” define the linear viscoelastic region of a material.  This is because when a static force is applied to the sample, the material is strained.  The strain applied to the sample as a result of the static force is in addition to the strain applied to the sample during the oscillation.  However, when we plot the amplitude (or strain) we only see the strain generated as a result of the dynamic oscillation.  

Most people react to this by saying “why don’t you just add the strain generated from the static force to the dynamic strain”.  However, it is more complicated then simply adding the two.  When you increase the amplitude in a strain sweep, the force necessary to drive the increasing amplitude increases.  As a result, the static force required to drive the higher amplitude increases and the strain on the sample increases dramatically.  In addition, to do a simple addition of the strain, we would have to assume the sample was reacting perfectly linearly, and after all we are trying to determine the linear viscoelastic region.

Let’s take an example.  Consider a sample in tension.  We will do a strain sweep at every 5 microns with a Force Track setting of 125%.  Assume the force required to drive amplitude of 5 microns is 0.1 N and an amplitude of 5 microns is 0.01% strain.  What we will get is the following – IF WE ASSUME PERFECT LINEAR RESPONSE.

TABLE 4: Example of Strain Generated During Strain Sweep in Tensioning Clamps
	Amplitude

(microns)
	Dynamic Force (N)
	Static Force (N)
	Dynamic Strain (%)
	Static Strain (%)
	Total Strain (%)

	5
	0.1
	0.125
	0.01
	0.0125
	0.0225

	10
	0.2
	0.25
	0.02
	0.025
	0.045

	15
	0.3
	0.375
	0.03
	0.0375
	0.0675

	20
	0.4
	0.5
	0.04
	0.05
	0.09

	25
	0.5
	0.625
	0.05
	0.0625
	0.1125

	30
	0.6
	0.75
	0.06
	0.075
	0.135

	35
	0.7
	0.875
	0.07
	0.0875
	0.1575

	40
	0.8
	1.0
	0.08
	0.1
	0.18

	45
	0.9
	1.125
	0.09
	0.1125
	0.2025

	50
	1.0
	1.25
	0.1
	0.125
	0.225


Remember our rule of thumb states that solids are linear to about 0.1% strain.  It can be seen in the above table that this value of dynamic strain is reached at an amplitude of 50 microns, while the same value of static strain is reached at 40 microns, and the total strain exceeds this limit at 25 microns.  So here is the loophole.  If you run a strain sweep test as described above for a “non-tensioning” clamp on a “tensioning” clamp, you can still look for a 5% change in the storage modulus and draw the conclusion that the sample IS SHOWING A LINEAR VISCOELASTIC RESPONSE UNDER ALL THE EXPERIMENTAL CONDITIONS JUST USED.   However, you CAN NOT, define the 5% change in modulus as the END OF THE LINEAR REGION or CRITICAL STRAIN.  Why?  Because you do not know the total strain on the sample.

The Force Ramp Test
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A method for measuring the linear viscoelastic region of a sample tested in “tensioning” clamps is to conduct a FORCE RAMP test on the sample.  In a force ramp test we simply deform the sample at a constant rate of deformation, such as 1 N/min.  This type of deformation is shown in the figure to the right.  We can then look at either the force versus dimension change or stress vs. strain curves.  This test is very similar to a classic “Instron” test.  The difference is that in an “Instron” instrument, many times the rate of strain is controlled as opposed to the rate of force.   The data below show an example of a force ramp test conducted on a polyethylene sample.  

Figure: Force Ramp on Polyethylene Sample – Stress vs. Strain
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Figure: Force Ramp on Polyethylene Sample – Static Force vs. Dimension Change
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1.Reference: Turi, Edith A., Thermal Characterization of Polymeric Materials, Second Edition, Volume I., Academic Press, Brooklyn, New York, 1997, P. 980.
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