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What is Thermal Analysis?

Temperature 

P
ro

p
er

ty

"A collection of techniques that measure the 

property of a material as a function of 

temperature"
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What Does TA Instruments Measure? 
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Thermal Analysis
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Applications of Thermal Analysis

•Heat Capacity

•Structural Change

•Glass Transition

•Crystallinity

•Melting

•Polymorphism

•Purity

•Thermal Stability

• Thermoset Cure

• UV Cure

• Mechanical Properties

◆ CTE

◆ Modulus

◆ Creep

◆ Stress Relaxation
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Thermogravimetric Analysis 

(TGA)
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Thermogravimetric Analysis (TGA)

•Thermogravimetric Analysis (TGA) measures amount and 
rate of weight change vs. temperature or time in a 
controlled atmosphere

•Used to determine composition and thermal stability up to 
1500°C (depending on exact instrument)

•Characterizes materials that exhibit weight loss or gain 
due to decomposition, volatilization, oxidation, or 
dehydration

•TGA is ideal technique to use first on unknown samples
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What TGA Can Tell You

•Volatile Content

•Thermal Stability

•Oxidative Stability

•Composition of  Multi-component system

•Decomposition Kinetics

▪Estimated Lifetime

•Effect of Reactive atmospheres

Extremely important 

when running DSC
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A Typical TGA Result

Polyamide Resin - 9.663mg
Purge Gas: N2
1: Ramp 10.00°C/min to 650.00°C 
2: Switch Purge Gas to Air
3: Ramp 10.00°C/min to 800.00°C

1.983%
(0.1916mg)

56.45%
(5.455mg)

1.859%
(0.1797mg)

Residue:
39.75%
(3.841mg)
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Filled Polyamide Resin    9.63mg                              

10°C/min to 650°C in N2 

10°C/min to 800°C in Air
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Differential Scanning Calorimetry 

(DSC)
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What Does a DSC Measure?

•DSC measures endothermic and exothermic transitions as 

a function of temperature

▪Endothermic heat flows into a sample

▪Exothermic  heat flows out of the sample

•An advanced technique is Modulated DSC® which 

compliments standard DSC and provides the researcher 

with advanced technology for characterizing more 

complex materials.
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What DSC Can Tell You

•Identification of amorphous & crystalline material

•Identification of phase transitions and changes of state   

•Specific Heat Capacity – measure of molecular 

mobility

•Heats of fusion & reactions

•Oxidative/Thermal Stability

•Reaction Kinetics
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A typical Heat/Cool/Heat thermogram

Second Heat
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Crystallization

Melting
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Modulated DSC®

•MDSC®

▪Uses sinusoidal temperature ramp overlaid upon linear 

ramp

▪Separates Heat Capacity and Kinetic transitions

▪Increases sensitivity to Heat Capacity changes (e.g. Tg)

▪Best available measurement of Heat Capacity
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Total     

Heat Flow

t)(T,
dt

dT
 Cp 

dt

dH
f+=

Reversing 

Heat Flow
Non-Reversing 

Heat Flow

•Heat Capacity

•Glass Transition

•Most Melting 

•Enthalpic Recovery

•Evaporation

•Crystallization

•Thermoset Cure

•Denaturation

•Decomposition

•Some Melting

MDSC Heat Flow Signals

•All Transitions

TAINSTRUMENTS.COMTAINSTRUMENTS.COM

Calculated MDSC Heat Flow Signals

Quenched PET – 8.99mg
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Applications: 

Thermal Stability
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Thermal Stability

•Thermal Stability

▪Can be studied by multiple techniques

▪May be studied w/ inert or oxidizing atmospheres

▪TGA – Typically Best choice

◆ Weight loss

▪DSC

◆ Change in heat flow (typically exothermic)
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TGA Profile In Nitrogen and Air

•First Step in Materials Characterization

•Look for:

▪Thermal Stability

◆ Volatilization/Decomposition Temperature

▪Weight Loss Profile

◆ Number of Steps

▪Residue

◆ Char/Ash/Filler Presence
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TGA Gives Upper Limit for DSC

496.75°C 98.00%

511.31°C 95.00%

99.71%
(8.888mg)

563.26°C
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Size:  8.9130 mg
Method: Ramp
Comment: N2 Purge=40/60mL/min.

TGA
File: C:...\Data\TGA Aug 2004\PTFE.001
Operator: LEW
Run Date: 31-Aug-2004 11:17
Instrument: TGA Q500 V6.3 Build 189

Universal V4.3A TA Instruments

PTFE 8.91mg              

N2 Purge @ 10°C/min

Decomposition products 

include Hydrogen fluoride!
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Thermal Stability of Polymers

Method Log: 
1:Select gas: 1 - N2
1: Ramp 20.00 °C/min to 650.00 °C
2: Select gas: 2 - Air
3: Ramp 20.00 °C/min to 1000.00 °C

PVC

PMMA

PET

650.00°C
55.59%

650.00°C
5.928%

LDPE

PEEK
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Applications: 

Heat Capacity (Cp)
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What is Heat Capacity?

•Heat capacity(Cp) is the amount of heat required to 

change the temperature of a material from T1 to T2

•Absolute thermodynamic property used by engineers in 

the design of processing equipment

•True Heat Capacity (no transition) is completely reversible; 

the material releases the same amount of heat as 

temperature is lowered from T2 to T1 

•Specific Heat Capacity refers to a specific mass and 

temperature change for a material (J/g°C)

•Chemist’s/Chemical Engineer’s Definition
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Heat Capacity and Total Heat of PET

Semi-crystalline PET
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Material Scientist’s Definition of Heat Capacity

•Heat capacity is directly related to molecular mobility

•Cp increases as molecular mobility increases

▪Higher Cp = More Mobility

▪Lower Cp = Less Mobility

▪Example: Amorphous structure is more mobile than 

crystalline structure

•Provides useful information about the physical properties 

of a material as a function of temperature

•Quantitative indicator of structure and stability
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Change in Cp at Tg is a Measure of 
Amorphous Structure

% Amorphous = 0.1447/0.3527

% Amorphous = ~41%
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Things to be Aware of

•DSC’s do not measure heat capacity, but rather calculate it

▪From absolute value of the measured heat flow

•Most DSC’s do not measure absolute heat flow

▪Has to be compensated for

▪For best accuracy requires stable and repeatable baseline

•DSC 2500 does measure absolute heat flow

▪Also, Discovery DSC & Q2000/1000 DSC
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Things to be Aware of

•Heat Capacity calculated by a DSC is more appropriately 

called apparent heat capacity 

▪Calculated signal contains the latent heat of phase change 

transitions

▪DSC calculated Cp signals also include all transitions 

because the heat flow signal is simply divided by heating 

rate to convert it to heat capacity units

▪A true value of Cp can only be obtained in temperature 

regions where there are no transitions (Heat Capacity 

Baseline)

▪ Modulated DSC® (MDSC) Reversing Cp does not show 

kinetic events
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Calculating Heat Capacity 

•Depending on the DSC that you have there are three 

different ways to calculate Cp (Listed from least to most 

accurate)

▪ ASTM E1269 (Three Run Method )

◆ Applicable to all DSC’s

▪Direct Cp – Single Run Method

◆ Applicable to DSC 2500, Discovery DSC, Q2000/1000 only

◆ Fastest determination

▪MDSC® - Single Run Method

◆ Any DSC w/ MDSC option

◆ Most accurate determination
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Calculating Heat Capacity

•ASTM Method E1269

▪Requires 3 runs

◆ Run empty pans for baseline

- Compensate for non-absolute measurement of heat flow)

◆ Run standard (typically sapphire)

◆ Run sample

•Typical Method

▪Starting temperature

▪Isothermal at starting temperature

▪Heat to final temperature

▪Isothermal at final temperature

•Generally considered to be repeatable to within 5%
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ASTM Method E1269 (Three-Run Method)

•Three experiments are run over a specific temperature 
range

▪Allow 10 minute isothermal at start and end

▪Use 10-20°C/min heating rate

1. Empty pan run

▪Match pan/lid weights to ± 0.05 mg

▪Used to establish a reference baseline (absolute heat flow)

2. Sapphire run

▪Used to determine calibration constant

▪Use same weight of pan/lid as above ± 0.05 mg

▪Typical weight is 20 – 25 mg

3. Sample run

▪Typical weight is 10 – 15 mg

▪Use same weight of pan/lid as above ± 0.05 mg
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ASTM E1269 “3-Run” Method for Determining 
Cp
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Specific Heat Capacity (ASTM Method)
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ASTM E1269 1990 Round-Robin Testing 

•Heat capacity was measured over a 40°C span

•Remember earlier I said that this was generally accepted 

to be repeatable to within 5%

•Repeatability by this Round-Robin Testing = ±6.2%



6/1/2018

18

TAINSTRUMENTS.COMTAINSTRUMENTS.COM

Direct Cp Measurement

•Unlike other DSC’s, DSC’s with advanced Tzero™ 

technology measure absolute heat flow:

▪ Baseline is flat

▪ Baseline is at 0 mW

•Example - DSC 2500

▪Also Discovery DSC, Q2000/1000

•By knowing absolute values of the heat flow and heating 

rate, heat capacity is calculated in real time and stored in 

data file

•Cp = [(dH/dt)/(dT/dt)] x K (K= calibration constant)

•Accuracy and precision is generally ± 2% with just single 

run measurements
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Direct Cp Measurement

•Sapphire used as a calibration standard

•Typical Method

▪Heat @10-20°C/min

•Sample Size ~10mg

•For best results – use lowest mass pans possible 
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Direct Cp of PMMA – DSC 2500
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Modulated DSC®

•MDSC® 

▪Uses sinusoidal temperature ramp overlaid upon linear 

ramp

▪Separates Heat Capacity and Kinetic transitions

▪Increases sensitivity to Heat Capacity changes (e.g. Tg)

▪Can determine Cp directly in a single run

▪Best available measurement of Heat Capacity

▪Accurate & repeatable to within 1-2% or better
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Cp by MDSC

•Cp can be determined directly in a single run

•Multiple Cp signals

▪Reversing Heat Capacity (Rev Cp) is the quantitative Cp

•Rev Cp does not contain kinetic events

▪Will include non-Cp events like melting

•Rev Cp calibration constant should be calculated at the 
same period as experiments (uses Sapphire)

•Suggested Conditions:

▪Amplitude ±1°C

▪Period 120 sec

▪Heating Rate 3°C/min 

▪Sample weight 10-15 mg
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Epoxy Potting Compound - 42.53mg
MDSC 0.8/120@3°C/min
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Temperature Rev Cp

°C J/(g·°C

10 0.4574

20 0.4686

30 0.4787

40 0.4888
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70 0.519

80 0.5276
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Run Time for Calculating Heat Capacity 

•Assume 300°C temperature range

•ASTM E1269 (Three Run Method) (Slowest & least 

accurate)

▪Typically ran @ 10°C/min so 30 min/run + 20 min isothermal

▪150 min run time plus sample prep time 

•Direct Cp – Single Run Method (Fastest)

▪Typically ran @ 20°C/min so 15 min/run, plus sample prep

▪If ran @ 10°C/min then 30 min/run, plus sample prep

•MDSC® - Single Run Method (Most Accurate)

▪Typically ran @ 3°C/min so 100 min/run, plus sample prep
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Applications: 

Amorphous Structure 

(Glass Transition)
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Amorphous Materials

•Amorphous Structure –

▪Randomly oriented molecules

▪No long-range order

▪Liquids, glassy or rubbery solids

▪Most polymers are either amorphous or semi-crystalline
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Characterization of Amorphous Structure

•Glass Transition (Tg)

▪Due to amorphous (non-crystalline) structure

▪Due to macro-molecular motion (translational); i.e., the 

entire molecule is free to move relative to adjacent 

molecules.

▪Extremely important transition because the significant 

change in molecular mobility at Tg causes significant 

changes in physical and reactive properties.
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Changes at the Tg

Heat Flow

Heat Capacity

Temperature Below Tg
 - lower Cp
 - lower Volume
 - lower CTE
 - higher stiffness
 - higher viscosity
 - more brittle
 - lower enthalpy

Glass Transition is Detectable by DSC
Because of a Step-Change in Heat Capacity
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Polystyrene - Modes of Molecular Motion/Mobility

Vibration

Rotation

Translation
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Glass Transition Analysis

•Reporting the Glass Transition (Tg) Temperature

▪Tg is always a temperature range and never a single 

temperature

▪When reporting a single temperature, it is necessary to 

state;

◆ What point in the step change  (onset, midpoint, end, etc.) is 

being measured

◆ The experimental conditions used to measure Tg; such as 

technique (DSC, DMA, TMA, etc.), heating rate, sample size 

or weight, modulation conditions, etc.
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Elastomer Tg by DSC
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Elastomer Tg by MDSC

-61.08°C(H)

-64.57°C(H)
Elastomer - 10.46mg
MDSC - 0.48/60@3°C/min
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MDSC® of Weak Tg

Epoxy coating from panel  -- 2.21mg  -- MDSC 2/60@2
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Applications: 

Crystalline Structure 
(Melting and Crystalization)
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Semi-Crystalline Polymers

•Crystalline Structure –

▪Molecules arranged in well defined structures

▪Consists of repeating units

▪Polymers can have crystalline phases 

◆ Length of molecules prevents complete crystallization

•Semi-crystalline Polymers –

▪Both amorphous & crystalline solid phases

▪Examples are most common thermoplastics

◆ Polyethylene, Polypropylene, etc
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Melting

•Melting – The process of converting solid crystalline 

structure to liquid amorphous structure

▪Melting shows up as an endothermic peak in a DSC scan

▪The energy required to melt the crystalline phase is 

proportional to the amount of crystalline phase

•In most cases sensitivity isn’t an issue with melting 

transitions

•Heating rate doesn’t effect the onset of melting (much), but 

will effect resolution



6/1/2018

27

TAINSTRUMENTS.COMTAINSTRUMENTS.COM

Definitions

•Thermodynamic Melting Temperature – The temperature 

where a perfect crystal would melt

•Metastable Crystals – Crystals that melt at lower 

temperature due to imperfections

•Crystal Perfection – The process of metastable crystals 

melting at a temperature below their thermodynamic 

melting point and then (re) crystallizing into larger, more 

perfect crystals that will melt again at a higher temperature
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Measurement of a Melt by DSC

125.45°C

120.33°C
-173.9J/g
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10°C.min
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Heat-Cool-Heat of PET
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Discovery DSC Microscope Accessory

▪ Provides imaging and video           

capabilities during a DSC       

measurement on the Discovery            

DSC 2500, 250 and 25

▪ Includes a high resolution (1.3 MP        

vivid color) digital microscope camera   

with a long range working distance and 

magnification range of 10x-90x; with a 

typical magnification of 50-60x when 

focused on a sample pan in the DSC cell

▪ Collects individual images of up to 1 fps 

(frames per second) and video at 15 fps

▪ Illumination provided by several white light 

LEDs and an adjustable polarizer is 

included for viewing highly reflective 

materials and minimizing the amount of 

glare 
56
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DSC Analysis of Polylactic Acid (PLA): Post-Tg

57
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DSC Analysis of Polylactic Acid (PLA): 
Crystallization Peak

58
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Crystallinity

•Because crystalline structure can form as the sample is 

heated, the actual crystallinity of the sample is usually less 

than measured

•Determining actual crystallinity is difficult with many semi-

crystalline polymers.

•MDSC® measurements provide quantitative information 

about how crystallinity is changing during the heating 

experiment.
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MDSC Approach for Melting 

•MDSC “Initial Crystallinity” is always calculated from the 

sum of all crystallization exotherms and melting 

endotherms 

▪Integrate the Nonreversing signal from the start of 

crystallization to the end of melting

▪Integrate the Reversing signal from the start of melting to 

the end of melting

•To illustrate this let’s look at Nylon 6/6
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Nylon 6/6 with DSC @ 10°C/min

12.65mg
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Partial Annealing in the DSC

Nylon 6/6 – 12.65mg



6/1/2018

32

TAINSTRUMENTS.COMTAINSTRUMENTS.COM

MDSC® of Nylon 6/6

Nylon 6/6 – 12.65mg 

MDSC .318/40@3°C/min
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Crystallization

•Crystallization shows up as an exothermic peak in a DSC 

scan

•Crystallization is molten amorphous material changing to 

crystalline material upon cooling

•Cold-Crystallization is solid amorphous material changing 

to crystalline material upon heating

•Since crystallization is a kinetic transition, heating/cooling 

rate does effect the onset of crystallization, and will also 

effect resolution
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Crystallization

•Crystallization is a kinetic process which is typically 

studied either while cooling or isothermally, but can also 

be studied during heating (Cold-Crystallization)

•Differences in crystallization temperature or time (at a 

specific temperature) between samples can affect end-use 

properties as well as processing conditions

•Isothermal crystallization is the most sensitive way to 

identify differences in crystallization rates 
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Effect of Cooling Rate on Crystallization
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Applications: 

Thermosets
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Thermoset Materials

•A “thermoset” is a cross-linked polymer formed by an 

irreversible exothermic chemical reaction

▪A common example is a 2 part epoxy adhesive

•With a DSC we can look at the curing of these materials, 

and the Tg of full or partially cured samples
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Curing of a Thermosetting Material

116.07°C

76.30°C
195.0J/g

20  Min Epoxy Cured in DSC
15.15mg @ 10°C/min
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Effect of Heating Rate
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Epoxy Cured 48 Hours – Standard DSC

5 Min Epoxy - 9.85mg
Cured 2 nights @ RT
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Epoxy Cured 48 Hours – MDSC®

40.61°C(H)

5 Min Epoxy  - 6.49mg
Cured 2 nights @ RT
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This Just Touched the Surface

•There is a lot more than can be done

•Crystallization studies

▪Isothermal & non-isothermal

•Kinetics

▪Crystallization

▪Crosslinking and curing

▪Decomposition

•Oxidative times

•---- and more

Thank you for attending!

If you have questions or need help
Contact the TA Instruments Technical Helpline:

http://www.tainstruments.com/support/applications 
/applications-hotline/

Don’t forget http://www.tainstruments.com/


