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ABSTRACT 
 
Since the curing process of an epoxy thermoset is thermally-activated and temperature dependent, 
thermal analysis is the most common method to monitor the process.  In addition, many common 
temperature-dependent properties like heat capacity and modulus change with the degree of cure or 
extent of cross-linking.  Common thermal analysis techniques which are applicable to the study of 
thermoset cure are reviewed, specifically differential scanning calorimetry (DSC and TMDSC), 
thermomechanical and dynamic mechanical analysis (TMA and DMA), thermally stimulated 
depolarization (TSD), and thermogravimetric analysis (TGA). 
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1. INTRODUCTION 
 
The basic structure and properties unique to 
epoxies have been described in a previous 
paper,1 so the techniques which characterize the 
changes in properties in an epoxy during curing 
are discussed. 
   
In the most basic sense, thermal analysis is the 
study of the state or changes of state of a 
material in terms of temperature. A qualitative 
understanding of changes of properties of 
materials with temperature has existed since the 
first pottery and bricks were fired and the first 
bread was baked, with evidence depicted 
graphically in numerous carvings and drawings, 
including well preserved Egyptian excavations2 

depicting a balance and fire.  However, 
quantitative thermal analysis required 
measurable quantities.  The first and most 
important of these was thermometry, introduced 
in 17th century Florence.3  With temperature, 
properties like heat capacity could shed light 
onto the intrinsic properties of materials.  
Differential thermal analysis was introduced in 
the late 1800’s by Le Chatelier,4 Nernst5 
introduced the thermobalance in 1903, and 
other techniques as well as improvements in 
existing techniques followed quickly.6  
  
The International Confederation for Thermal 
Analysis and Calorimetry (ICTAC) defined 
thermal analysis as “a group of techniques in 
which a property of the sample is monitored 

 



Bilyeu, Brostow and Menard 108

against time or temperature while the 
temperature of the sample, in a specified 
atmosphere, is programmed.”7  This definition 
was adopted by the International Union of Pure 
and Applied Chemistry (IUPAC) and the 
American Society for Testing and Materials 
(ASTM).8   
 
 
2. HEAT OF REACTION 
 
Due to the high potential energy of the ring-
strained epoxide groups in the uncured resin, 
there is a large Gibbs function difference 
associated with the ring-opening reaction.  
Since the Gibbs function change ∆G is 
expressed in the form of both enthalpic ∆H and 
entropic ∆S contributions, the reaction is called 
exergenic.9  Although structural changes will 
result in a significant entropy change, the 
enthalpy change is the dominant effect.  That 
change in this case results in the evolution of 
thermal energy or heat, an exothermic reaction.  
Since the opening of the epoxide rings have 
much higher energy (and enthalpy) differences 
than the other reactions, the amount of heat 
evolved and the rate of evolution will 
correspond to the number of epoxide groups 
reacting and the rate of the reaction.   

Fig.1.   Schematic of a heat-flux DSC. 

 
Reactions which generate heat are studied by 
calorimetry.  Many types of calorimeters exist 
although only a few are appropriate for 
polymerization reactions.  Early studies of 
epoxy polymerization used differential thermal 
analysis (DTA), which monitors temperature 
differences between the sample and a reference, 
and adiabatic calorimetry, which monitors the 
temperature of a thermally isolated system.  
However, these techniques have low 
sensitivities and many limitations.10  The 
current standard technique for quantitative 
evaluation is the measurement of the change in 
enthalpy using Differential Scanning 
Calorimetry (DSC) since the heat flow during a 
constant pressure reaction is defined as the 
change in enthalpy of the system. 
 
Two types of DSCs are available, a heat-flux  

 
DSC (based on the Boersma11 DTA design) and 
a power-compensation DSC.  The heat-flux 
DSC,12 shown in Figure 1, measures the 
difference in temperature between a sample and 
reference heated at a programmed rate in a 
common oven using thermocouples attached to 
the bottom of the sample holders.  The power-
compensation DSC,13,14 in Figure 2, employs 
separate heating elements and thermocouples 
for sample and reference applying separate 
currents to the heaters to maintain a null 
difference in the temperature.  
 
Both types of DSC instruments generate plots 
of heat flow as a function of the programmed 
temperature.  However, due to the difference in 
measurement techniques, the heat flow ordinate 
value is calculated differently.  Since the heat-
flux DSC measures the temperature difference 
between the sample and reference cells, 
calculation of the heat flow requires an accurate 
temperature and sample dependent thermal 
resistance value of the system as a 
proportionality factor.15 The power-
compensation DSC also requires a thermal 
resistance value; however, that value represents 
the heating elements, not the entire system, and 
is constant over a wide operating temperature 
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range.16,17 The power-compensation DSC 
maintains the programmed temperature ramp in 
both sample and reference, ensuring much 
better temperature control in the sample.18  

  
Fig.2. Schematic of power-compensation DSC. 
 

Fig. 3.  An example of a DSC thermogram 
showing the portion of the total reaction, as 
measured by the enthalpic exotherm, reacted at 
time t. 
 
To determine the extent of a curing reaction or 
the degree of cure α the change in enthalpy is 
compared to the total change in enthalpy of the 
complete reaction, as illustrated in Figure 3, 
that is  
 

 α = ∆H/∆Htotal  (1) 
 

Alternatively, the difference between the total 
and any residual enthalpy changes can be 
compared to the total, where  ∆H in Equation 1 
would be replaced by (∆Htotal - ∆Hresid).19 
Generally, the total change in enthalpy is 
determined using a slow temperature ramp from 
a low temperature to a temperature just below 
the onset of thermal degradation, as shown in 
Figure 4.   

 
The reaction enthalpic changes are measured 
during isothermal measurements, as shown in 
Figure 5.  Or, if residual enthalpies are used, 
then an isotherm is followed by a similar ramp 
as the total enthalpy measurement, as shown in 
the chronogram in Figure 6 and the thermogram 
in Figure 7.  Although the value is reported as 
the degree of cure, it should be understood that 
the actual degree of cure is not necessarily 
equal to this value since an assumption has 
been made that the total enthalpy represents 
complete or 100 % conversion.20 

 
The reaction rate dα/dt is related to the heat 
flow dH/dt by the relationship 
 
 dα   =      1          dH                    (2) 
 dt          ∆Htotal     dt     . 
 
The rate of the curing reaction can be 
determined from the isothermal data used to 
determine the degree of cure.  Since the 
enthalpy change is plotted as a function of time, 
the rate of change in time dH/dt will represent 
the rate of the reaction.  

 
Nonisothermal methods, utilizing a single 
temperature scan run to monitor reaction 
enthalpic change,21 as in Figure 8 or using a 
series of scans with different rates,22 as shown 
in Figure 9 are advantageous due to the shorter 
time to run the experiments and avoidance of 
estimation of the lost area at the beginning of 
the isothermals.  However, nonisothermal 
experiments are generally less accurate than 
isothermal ones.23  
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Figure 4:  An example of a DSC thermogram showing the total ∆H from a slow 
temperature scan. 

 

Fig.5.  An example of a DSC thermogram, showing a series of isothermal measurements. 
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Fig. 6.   A DSC chronograph showing the complete process of determining residual
enthalpy, including a fast ramp to temperature, a hold time at the isothermal temperature, a
quench to low temperature and a slow temperature scan. 

Fig. 7.  An example of a DSC thermogram, showing the measurement of residual cure, or
residual enthalpy in a partially cured sample; in this case the sample was cured for 200
minutes at 160°C. 
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Fig. 8.  An example of a DSC thermogram of a ∆H scan (at 5 K/min) from which the rate of the 
reaction can be calculated using a single scan model. 
 

 
Fig. 9.  A series of DSC thermograms at different scanning rates (5, 10 and 20 K/min), from which a 
time dependent rate can be calculated. 
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3. MOLECULAR WEIGHT, SEGMENT 
MOBILITY, CROSSLINK DENSITY 
 
Epoxy curing involves an increase in both 
linear molecular weight and crosslink density, 
both of which result in reduced chain segment 
mobility.  Increasing the linear molecular 
weight or crosslink density of a polymer chain 
increases the position of the glass transition 
temperature Tg - as shown in Figure 10.  Many 
thermosetting polymer systems exhibit a 
relationship between the Tg and the degree of 
chemical conversion.24  Most amine-cured 
epoxy systems exhibit a linear relationship, 
which implies that the change in molecular 
structure with conversion is independent of the 
cure temperature.25 Such a Tg shift, in many 
circumstances, gives better resolution than 
exothermic enthalpy changes,26 especially at 
high and low degrees of cure.  
 
Descriptions of the shift as a function of 
chemical structure,27-31 as well as extensive 
theoretical models based on either free 
volume32-39 or time-dependent relaxation40-50 

abundant in the literature. Evidence for free 
volume models comes primarily from the 
pressure dependence of Tg in both 
Thermomechanical Analysis (TMA)51 and 
DSC52 measurements, whereas relaxation 
effects can be seen in the frequency dependence 
of Dynamic Mechanical Analysis (DMA) 
measurements,53 as well as the effect of 
scanning rate in most thermal analysis 
techniques.54 The Tg can be measured by a 
variety of techniques, each with certain 
advantages and disadvantages depending on the 
material and conditions.  Comparisons of 
techniques show that while sensitivity to 
transitions vary,55 the value of the Tg is similar 
given appropriate conditions.56 

 
3.1 Differential Scanning Calorimetry 
 
The most convenient and generally most 
accurate method for determining the Tg of 
polymers is DSC.57 The Tg is taken as the 
temperature at the inflection point (peak of 

derivative curve)58 of the baseline shift in heat 
flow or as the temperature at the half height 
shift in baseline heat flow.  In situations where 
the Tg is distorted or masked by other events, 
like curing exotherms or enthalpic relaxations, 
the Tg may be determined by the onset, but 
results should be noted as onset values to avoid 
confusion.  For consistency in reporting, an 
ASTM standard has been established.59  
 
The shift in baseline heat flow associated with 
the glass transition is a result of the difference 
in heat capacity between the rubber and the 
glass.60  Since this shift is an effect of the heat 
capacity change, resolution of the glass 
transition can be increased by calculating and 
plotting the constant pressure heat capacity, Cp.  
The Cp curve is calculated by comparing the 
heat flow (or differential power supplied), a 
baseline, and a reference material, usually 
sapphire, as described in an ASTM standard.61  
A power-compensation DSC has a long term 
energy calibration stability, hence the sapphire 
measurement is unnecessary if the curve is 
available in the software or has been run before, 
provided that the DSC has been properly 
calibrated using a high purity heat of fusion 
standard such as indium.62  
 
The versatility of DSC to measure both 
exotherms and Tgs is also a limitation; when 
measuring an uncured or a partially cured 
thermoset, a residual exotherm follows the Tg 
being measured sometimes even overlapping it 
- as shown in Figure 11.  
 
Accurate Tg calculations require stable 
baselines before and after the transition and the 
curing exotherm interferes with the upper 
baseline.  In these cases, the Tg can only be 
determined as the onset. 

 
3.2 Temperature-Modulated DSC 
 
An alternative to the measurement of Cp is 
Temperature-Modulated DSC (TMDSC).  
TMDSC utilizes a modulated temperature 
ramp, much like dynamic mechanical analysis 
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uses a dynamic force and dielectric relaxation 
analysis uses an alternating current.  TMDSC is 
a derivative of an earlier technique, Alternating 
Current (AC) Calorimetry.63 AC Calorimetry 
utilizes an oscillating heating ramp, 
accomplished by the use of an auxiliary pulsed 
heat source (usually a chopped laser) over the 
linear programmed heating ramp, to measure 
the Cp during the single run experiment.64  
Analogous to Dynamic Mechanical Analysis 
(DMA) and Dielectric Analysis (DEA), 
TMDSC mathematically deconvolutes the 
response into two types of signals, an in-phase  
and an out-of-phase response to the 
modulations, as well as producing an average 
heat flow, which is analogous to the DSC signal 
using a linear heating ramp.  There are two 
primary methods of performing TMDSC, 
sinusoidal and square wave modulation.   
 
The first method, introduced by Reading65 
utilizes a sinusoidal modulation superimposed 
over the traditional linear heating ramp or 
isotherm, shown in Figure 12.  The other 
method, introduced by Schawe66 utilizes square 
wave modulations, shown in Figure 13.  The 
two methods can be described by a single 
temperature function 
 
T(t) = T0 + β0t + (4/π)Ta[ (sin(ω0t)/12) –  
 
    (sin(3ω0t)/32) + (sin(5ω0t)/52) -  ….]         (3) 

 
where T0 is the initial temperature, β0 is the 
underlying heating rate, Ta is the amplitude of 
the temperature modulation and ω0 is the 
angular frequency.67  In the special case of 
sinusoidal modulation, the first harmonic would 
dominate the series. 
 
Although the modulations are related and can 
be described by a single function (Equation 3), 
the methods of evaluation of the signal 
developed by Reading and Schawe are quite 
different.  Both methods use a Fourier 
transform to produce an average heating rate 
qav, an average heat flow hav, an amplitude of 
heating rate Aq, an amplitude of heat flow Ah 
and a phase angle between the heating rate and 

heat flow ϕ.68  However, Reading and Schawe 
use these values in different ways to calculate 
the values of the components.   
 
Reading’s technique69 produces three values.  
The total heat flow (HT = hav/qav) is usually 
expressed as the total heat capacity (Cp

T) 
representing the  response to the overall average 
heating ramp, which is similar to what would be 
observed in linear DSC heat capacity 
measurements.  The “reversing” component 
(Cp

rev = Ah/Aq) represents the ratio of the 
amplitude of the heat flow to the amplitude of 
the heating rate.  These two signals are 
subtracted to yield the “non-reversing” 
component (Cp

nrv = Cp
T - Cp

rev).  The reversing 
component represents thermally reversible 
events, such as Tgs and meltings, whereas the 
non-reversing component will represent 
thermally irreversible events, including 
relaxations, crystallizations and curing 
exotherms.  
 
Schawe’s technique70-72 uses a linear response 
approach, which includes a dependence on the 
phase lag between the signal and response.  His 
approach also begins with the total heat 
capacity (Cp

T = hav/qav) and includes a Cp value 
calculated as the ratio of the heat flow 
amplitude to the heating rate amplitude.  
However, his value is called the complex heat 
capacity (Cp

* = Ah/Aq).  The reason for the 
difference is that from this value, he proposes a 
separation of the complex heat capacity (Cp

* ) 
into two components, real and imaginary : 

 
 Cp

* = Cp’ + iCp”                                (4) 
 
with Cp’ representing the real, in-phase 
component, termed storage heat capacity, and 
Cp” representing the imaginary, out-of-phase 
component, called loss heat capacity.  The two 
values are calculated using the phase angle ϕ 
between the signal and response : 
 
 Cp’ = Cp

*cosϕ                                   (5) 
 
  Cp” = Cp

*sinϕ                                   (6) 
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Fig. 10.   A DSC thermogram showing the difference in Tg of two identical samples cured at 
different temperatures. 
 
 
 

 
Fig. 11.   An example of a DSC thermogram with the curing exotherm occurring right after the Tg , 
distorting both measurements. 
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Fig. 14.   An example of a TMA thermogram showing the change in slope of the expansion, or linear 
displacement with temperature, with the onset of change in slope representing the Tg. 
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Hutchinson and Montserrat73 have evaluated the 
various types of modulations based on sine and 
square waves and the methods of evaluation 
and constructed a single parameter model to 
explain and predict the signals generated in 
TMDSC.  
 
As in DMA and DEA measurements, the 
storage signal will include the elastic or in-
phase response of the material, which in this 
case will be the molecular level responses, 
including glass transitions and meltings.  The 
loss signal represents viscous or out-of-phase 
events, which are the kinetic effects, such as 
stress relaxations, crystallizations and curing.  
The total heat capacity is the average signal, 
which is equivalent to the heat capacity signal 
produced by traditional DSC. 
 
3.3 Thermomechanical Analysis 
 
The Tg can also be measured accurately using 
thermomechanical analysis (TMA). TMA is the 
measurement of changes in linear or volumetric 
dimension as a function of temperature or 
time.74 The Tg appears as an abrupt increase in 
slope in the linear thermal expansion curve, 
shown in Figure 14, with the Tg indicated as the 
calculated onset of the change in slope, as 
described in an ASTM standard.75  Volumetric 
measurements are performed using a 
dilatometry cup fitted with a movable piston.  
The volume changes are directly proportional to 
the linear movement of the piston, by simple 
geometry. In addition to the sensitivity of the 
technique to the Tg,76 the linear or volumetric 
change in dimension with temperature gives 
insight into molecular structure.77 The slope of 
the dimensional change as a function of 
temperature is the isobaric thermal expansivity 
or the ASTM78 defined “linear or volumetric 
coefficient of thermal expansion” (LCTE or 
VCTE). 
 
Modern TMA instruments employ a low 
voltage differential transducer (LVDT) to 
measure dimensional changes against the probe 
tip, producing resolution of linear changes in 
micro- to nanometer scale.  A TMA instrument 

must be calibrated for height using 
dimensionally precise quartz standards, as well 
as temperature from the melting (collapse) of a 
high purity standard such as indium, as 
described by an ASTM standard.79 

 
3.4 Dynamic Mechanical Analysis 
 
Epoxies undergo changes in mechanical 
behavior as a function of cure. In addition to the 
shift in Tg, there are changes in the viscoelastic 
behavior80 due to both polymerization and 
crosslinking. Dynamic Mechanical Analysis 
(DMA) instruments allow the application of a 
dynamic force in addition to the static force of 
TMA, just as TMDSC allows a modulated 
temperature signal over the linear temperature 
ramp of DSC.  As shown in Figure 15, the 
phase lag between the applied dynamic force 
and the response yields a complex modulus, 
which can be mathematically separated into 
storage or in-phase elastic response E’ and loss 
or out-of-phase viscous response E”.  

 
E* = E’ + iE” = σ* /ε*.                   (7) 
tan δ = E”/E’                   (8) 

 
 

Dynamic Mechanical Analysis 

Applied 
Force Response 

Phase Lag 
 

Fig. 15.  Signal – Response for DMA 
measurements 

 
The Tg can be measured accurately using 
dynamic mechanical analysis (DMA), which 
can in the case of highly filled or highly 
crosslinked polymers give better resolution and 
more information than DSC81 and better 
reproducibility than older techniques, such as 
Vicat softening82 and deflection83 temperature 
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Fig. 16.   A DMA thermogram using 3 point bending fixtures, showing all the signals used to 
calculate the Tg. 
 
standards.84  The Tg in a DMA measurement is 
generally taken as the peak in tangent delta,85 
but ASTM86 recommends the peak in the loss 
modulus. Other methods include the inflection 
point or the half height value of the drop in 
storage modulus (E’), the onset of the drop in 
storage modulus, the onset of increase in loss 
modulus and the onset of the increase in tangent 
delta.  A DMA thermogram is shown in Figure 
16 with storage and loss moduli and tangent 
delta shown.   
 
DMA (and TMA) measure dimensional 
changes and force responses using a variety of 
fixtures, each with specific applications and 
benefits. Applications include tensile, 
compression or expansion (linear and 
volumetric), flexural and shear.87  Specialized 
techniques for shear measurements include 
torsional pendulum,88 torsional braid analysis 
(TBA)89 and torsional impregnated cloth 
analysis (TICA).90  A DMA instrument must be 
calibrated for temperature, height and force.  
The temperature calibration is described by 
ASTM91 using the melting temperature of a 
high purity standard.  Height is determined 

using a quartz height standard.  Force motor 
calibration is performed by balancing standard 
weights. 

 
3.5 Thermally Stimulated Depolarization 
 
Another method to measure the change in Tg 
and chain segment mobility during the curing 
process is based on thermally stimulated 
currents (TSC).92  TSC is basically a low 
frequency (10-2 to 10-4 Hz) dielectric relaxation 
study.93 TSC can be performed in either 
polarization (TSP) or depolarization (TSD) 
mode.  TSC involves the polarization of 
electrets,94 or dipoles within the polymer chain, 
making it very sensitive, even in copolymers,95 
highly crosslinked thermosets and filled 
composites. The sensitivity of TSC, specifically 
TSD, to molecular motion96 and chain segment 
mobility yields well resolved Tg 
measurements,97,98  in many cases, better 
resolved than DSC. Also, TSC experiments are 
not affected by mechanical effects like gelation 
as DMA is.  TSC, especially TSD, 
measurements exhibit a time dependence, 
which can be measured as the characteristic 
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Debye99 relaxation time, which is analogous to 
the DMA retardation or phase lag time.100-105 A 
series of relaxation times106 can be used to 
calculate the compensation point, which is the 
convergence of the frequency dependent 
relaxation times, much like extrapolation to 
zero heating rate in DSC or zero shear in DMA.  
TSP measures the polarization or absorption of 
charge by the polymer as a function of time or 
temperature, whereas TSD studies the 
depolarization or release of stored charge in a 
polarized sample.  TSD is more useful in curing 
studies than TSP, hence emphasis is on TSD. 
Shifts in Tg as a function of conversion are 
performed in a similar fashion as shifts by DSC.  
Samples are cured at a certain temperature for a 
certain time, then quenched and the Tg 
determined during a controlled heating ramp, 
with Tg values plotted as a function of curing 
conditions (time and temperature). 
 
In TSD a sample is quickly heated to a poling 
temperature where an electric field of 
predetermined strength is applied through 
parallel plates for a specific time. For 
thermosets, the poling temperature will be at 
the curing temperature and the poling time will 
be a part of the curing time.  After poling, the 
sample is quenched to a relatively low 
temperature maintaining the electric field.  At 
the selected low temperature, the electric field 
is discontinued and the circuit is shorted to 
dissipate any residual static charges.  The 
sample is heated from this low temperature to a 
temperature higher than the poling temperature 
at a slow, controlled rate and any current 
discharged is measured using a sensitive 
picoammeter (sensitive to 10-15 Amperes or 107 
electrons per second), and plotted against 
temperature.   The TSD temperature program is 
depicted graphically in Figure 17.  A typical 
TSD current thermogram is shown in Figure 18.  

 
 

4. CHEMOVISCOSITY 
 
The conversion induced change in viscosity, 
known as chemoviscosity, can be used to 
monitor conversion (analogous to Tg shift) and  

Fig. 17.   Temperature program in TSD, with applied 
electric field shaded. 
 

 
Fig. 18.  TSD plot of discharge current as a 
function of temperature. 
 
 
the change of physical state.107 Since viscosity 
η describes a material’s resistance to flow, it is 
defined as the ratio of shear stress τ to shear 
strain rate dγ/dt,    
 
 η =  __τ__                                       (10) 
          (dγ/dt)   . 
 
Viscosity measurements are performed 
routinely on liquids using a variety of methods, 
including capillary, concentric cylinder, cone 
and plate and many other viscometers. These 
techniques are well suited to measurements of 
liquids from low viscosity fluids, such as water    
(10-3 Pascal seconds) to higher viscosity ones, 
such as syrup (102 Ps), and even some polymer 
melts (102 to 107 Ps).  However, measurment of 
very high viscosity materials from heavy pitch 
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(109 Ps) to window glass (1021 Ps) is beyond the 
range of most shear measurements.  These high 
viscosity materials can be studied using DMA.  
However, DMA measures mechanical or 
Young’s modulus E, rather than the shear 
modulus required for viscosity computation.  
Young’s modulus E is related to shear modulus 
Gs by either the Poisson ratio ν108 or the bulk 
modulus KB,109 given by 
 
 E  =  2Gs(1 + ν)  =  3KB (1 - 2ν)     (10)   
 
The Poisson ratio, also called the lateral strain 
contraction ratio, relates the change in lateral 
strain to the longitudinal strain.  
 
From the moduli and the frequency ω of the 
measurements, the complex viscosity η* can be 
calculated.  It can be similarly separated into 
storage and loss components: 
 
 η*  =  η’  -  iη”  =  E*/iω  
  
        =  [ (E’)2 + (E”)2 ]1/2                 (11) 
           ω 
 η’   =   E”/ω                                     (12) 
 
 η”   =   E’/ω                   (13) 

The frequency of the dynamic signal has a large 
effect on the response, as depicted in Figure 19.   
 
A single frequency series of isothermal DMA 
measurements of complex viscosity as a 
function of time, shown in Figure 20, exhibits 
the characteristic changes happening during a 
curing cycle. The epoxy prepreg is heated 
quickly to the isothermal temperature resulting 
in a temperature-dependent drop in viscosity.  
The minimum viscosity will generally be a 
function of the isothermal temperature, 
provided that no significant reaction has 
occurred, that is provided that the heating rate is 
faster than the time scale of the reaction onset.  
Of course, the value of the minimum viscosity 
will be determined by the molecular structure of 
the components of the prepreg and the effect of 
the overall mixture. However, usually the 
relative viscosities (relative to other isotherms) 
are used, so that the absolute value is not 
important in kinetics calculations.  After the 
minimum viscosity, the reaction will proceed, 
increasing the molecular weight and the relative 
viscosity. This increase in viscosity, analogous 
to the rise in Tg used in previous models, is 
proportional to the increase in molecular 
weight, and thus the kinetics of the reaction.110 

Fig.19.   A series of 3-point bending DMA thermograms taken at different frequencies (1 and 2 Hz), 
showing the response as a function of frequency. 
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Fig. 20.  A series of isothermal 3-point bending DMA plots of the change in complex viscosity as a 
function of time. 
 
 
5. GELATION 
 
Gelation refers to the point during the curing 
reaction where the molecular weight 
approaches the maximum, usually assumed to 
be infinite.  That is, all monomers are 
connected to the network by at least one 
chemical bond.  While gelation is a microscopic 
effect, it produces macroscopic effects.  
Microscopic gelation refers to the definition of 
the gelation phenomenon just provided.  Since 
it occurs at a defined point in polymerization, it 
will occur at a specific degree of conversion. 
 
Microscopic gelation is difficult to measure 
since the measurable properties would be 
solubility and molecular weight.  However, the 
consequence of exceeding the microscopic gel 
point, is macroscopic gelation, which is much 
easier to measure.  The macroscopic gel point is 
a mechanical property and can be identified by 
common thermal analysis techniques, including 
in-situ testing.  Beyond gelation, there is no 
increase in molecular weight, only an increase 
in crosslink density and a decrease in free chain 
segment length.111 
 
Gelation does not significantly affect the 
chemical conversion or curing reaction, so it 

does not appear in DSC measurements.112 
However, it does have a large influence on the 
mechanical properties of the polymer.  Gelation 
affects the stiffness (modulus), adhesion and 
general processability of thermosets and 
composite prepregs, so it is important from an 
industrial processing standpoint. Gelation  
appears in the complex modulus, tangent delta 
and complex viscosity of DMA measurements; 
however, as with many thermal events, there is 
no unequivocal definition at which point the 
gelation occurs.  Gillham,113 who first plotted 
gelation curves as part of overall time-
temperature-transformation (TTT) diagrams 
developed with Enns,114,115 defines it as the a 
peak in the tangent delta of a DMA isotherm; 
this was also adopted as an ASTM standard.116  
Others define it as the peak in loss modulus. 
Some define it by the onset or inflection point 
of the increase in the storage modulus, whereas 
others define it as the onset of the plateau of the 
maximum of the storage modulus.  A common 
method has been to use the crossover point, 
which is where the storage and loss moduli 
cross, or are equal, and the tan delta is equal to 
unity.  However, this has been shown to be 
inaccurate in many cases and can only be used 
as an approximate measure or as a reference 
conversion value for a particular system.  This 
discrepancy lies primarily in the application for 
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Fig. 21:  A DMA isothermal 3 point bending plot showing tangent delta, from which gel point can be 
defined. 
 
which the data is being used.  Someone 
concerned with laminate adhesion would 
identify a different point than someone 
concerned with ensuring dimensional stability, 
and different than a researcher interested in 
characterizing the physical state of the material.  
The DMA isothermal plot in Figure 21 
identifies the gel point using Gillham’s 
terminology, i.e. the peak in tangent delta.  As 
described earlier, DMA transitions exhibit a 
frequency dependence.  However, since 
gelation is an isoconversion event, it is 
frequency independent.  The gel point is 
therefore defined as the point where the tangent 
delta becomes frequency independent. 
However, this method requires many 
measurements at different frequencies.  The gel 
point can be defined in terms of viscosity since 
it represents the maximum viscosity. 
 
6. VITRIFICATION 
 
Vitrification is defined as the point at which the 
molecular weight or cross-link density of the 
curing polymer exceeds that which is 
thermodynamically stable as a rubber, and the 
material undergoes a transition from a rubber to 
a glass at which point the reaction dramatically 
slows due to the reduced mobility of the 

reactants.  The vitrification point can be 
measured using DSC, TMDSC and DMA. 
 
Although vitrification is a thermal transition 
from a rubber to a glass and does appear in 
DSC measurements, the determination of the 
point and quantification of the shift in baseline 
heat flow or Cp usually occurs around the end 
of the curing (since it is a decrease in the 
reaction rate) and as such is usually masked by 
the curing reaction exotherm.  This is one of the 
clearest applications of TMDSC since the 
curing exotherm appears in the loss Cp and  
vitrification appears in the storage Cp.117,118  A 
series of isothermal TMDSC plots identifying 
the vitrification point are shown in Figure 22. 
 
DMA has been used extensively to investigate 
the vitrification point, and continues to be the 
most common method.  The first epoxy TTT 
diagram, proposed by Gillham and Enns,119 was 
constructed primarily from torsional braid 
analysis (TBA), a specialized torsional DMA 
measurement.  Gillham defines the vitrification 
in TBA and DMA measurements as the highest 
tangent Delta peak below the melt, which 
usually corresponds to the maximum value of 
the storage modulus during an isothermal 
experiment.  Measurement   of   vitrification   in 
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Fig. 22.   TMDSC isotherms showing vitrification as half height drop in storage Cp. 

 
 

 
Fig. 23.   A parallel plate DMA isotherm (160 °C), with vitrification defined by the second peak in 
tangent delta in time. 
 
 
isothermal DMA and TBA studies are common. 
DMA isotherms showing vitrification points 
from parallel plate and 3-point bending modes 
are shown in Figures 21 and 23.  Vitrification 
generally occurs when the increasing Tg equals 
the cure temperature.120  Although the reaction 
dramatically slows, it is still significant until the 
Tg exceeds the cure temperature by 20 to 40 K. 

7. THERMAL STABILITY 
 
Thermogravimetric Analysis (TGA) is the 
measurement of weight loss as a function of 
temperature or time.  A TGA instrument 
consists of a sensitive (typically +0.1 µg) 
microbalance  monitoring the weight of a 
sample enclosed in a programmable oven. TGA 
is used extensively to study decomposition, 
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especially of multicomponent systems, 
including polymer blends, polymers with 
additives and reinforced and filled polymer 
composites. The offgassing of absorbed 
moisture or residual solvent can indicate the 
viscosity and gas permittivity of a sample in an 
indirect manner.  Thermal stability or resistance 
to thermal degradation is related to the degree 
of cure, since the bond energies of aliphatic 
linkages tend to be higher than those of 
unsaturated structures. This relationship can be 
used to relate the kinetics of thermal 
decomposition to the curing reaction. TGA can 
be used to study the kinetics of either 
decomposition or chemical reactions involving 
the release of volatile by-products, i.e. 
condensation reactions. Kinetics can be 
evaluated using isoconversion data plots, 
activation energy calculated from the slope of 
initial reaction, varied heating rate analysis or a 
“model-free” method. TGA experiments can be 
performed in either oxidizing (O2 or air) or non-
oxidizing (N2 or Ar) environments, depending 
on the reaction or decomposition being 
examined.  A series of TGA decomposition 
thermograms are shown in Figure 24, with the 
method to calculate degradation temperature by 
onset illustrated in Figure 25.  

TGA instruments must be calibrated for both 
temperature and weight.  Weight calibrations 
are performed with standards which have been 
weighed to the desired accuracy (usually + 0.1 
µg) and will not react with moisture or oxygen 
in the air, as such platinum is a common 
standard.  Temperature can be calibrated by two 
methods – fusable link or magnetic Curie 
temperature.  The fusable link technique uses a 
small weight attached to the balance by a link 
made of a high purity standard which will result 
in a sudden weight loss at the melting point of 
the standard. The magnetic Curie temperature 
method uses the well known temperature-
dependent magnetic properties of some metals 
and alloys.  These materials exhibit a change in 
magnetism at a specific temperature, called the 
Curie point. The calibration is performed by 
placing a magnet above or below the standard 
in the TGA sample pan, where it will display an 
exceptionally high or low weight due to the 
magnetic field, until the temperature is raised to 
the Curie temperature. Materials and 
procedures have been recommended by the 
National Institute of Standards and Technology 
(NIST).121

 

 
 
Fig. 24.   A series of TGA decomposition thermograms at different scanning rates. 
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Fig. 25.   TGA thermogram, showing method to calculate decomposition temperature from onset of 
weight drop. 
 
 
8. ABBREVIATIONS/ ACRONYMS 
 
AC  Alternating Current 
ASTM American Society for Testing and 

Materials 
DEA Dielectric (Relaxation) Analysis 
DMA  Dynamic Mechanical Analysis 
DSC Differential Scanning Calorimetry 
DTA  Differential Thermal Analysis 
ICTAC International Confederation for 

Thermal Analysis and Calorimetry 
IUPAC International Union of Pure and 

Applied Chemistry 
LCTE Linear Coefficient of Thermal 

Expansion 
LVDT Low Voltage Differential 

Transducer 
NIST National Institute of Standards and 

Technology 
TBA  Torsional Braid Analysis 
TGA  Thermogravimetric Analysis 
TICA Torsional Impregnated Cloth 

Analysis 
TMA  Thermomechanical Analysis 
TMDSC Temperature-Modulated 

Differential Scanning Calorimetry 
TSC  Thermally Stimulated Currents 
TSD Thermally Stimulated 

Depolarization 
TSP Thermally Stimulated Polarization 

TTT Time-Temperature-
Transformation 

VCTE Volumetric Coefficient of Thermal 
Expansion 

 
 
9. SYMBOLS 
  
A Amplitude 
Cp Specific Heat Capacity at Constant Pressure 
Cp * Complex Specific Heat Capacity at 

Constant Pressure  
Cp ‘ Storage Specific Heat Capacity at Constant 

Pressure (Elastic Component) 
Cp “ Loss Specific Heat Capacity at Constant 

Pressure (Viscous Component) 
Cv Specific Heat Capacity at Constant Volume 
E Young’s (Mechanical) Modulus 
E* Complex Young’s Modulus 
E’ Storage Young’s Modulus (Elastic 

Component) 
E” Loss Young’s Modulus (Viscous 

Component) 
g gram 
G Gibbs’ Function 
Gs Shear Modulus 
H Enthalpy 
dH/dt Rate of Change of Enthalpy in Time 
Hz Hertz (cycles per second) 
Ks Bulk Modulus 
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P Pascal (pressure unit) 
q Heat Quantity 
s Second (time unit) 
S Entropy 
T Temperature 
Tg Glass Transition Temperature 
α Degree of Conversion 
δ phase angle (usually given as tan δ) 
ε Mechanical Strain 
γ Shear Strain 
η Viscosity 
η* Complex Viscosity 
η’ Storage Viscosity (Elastic Component)      
η” Loss Viscosity (Viscous Component) 
ν Poisson’s Ratio 
ϕ Phase Angle 
σ Mechanical Stress 
τ Shear Stress 
ω Angular Frequency 
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