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Glass transition temperature-temperature-property (TgIP) diagram

for EPY® epoxy system

Summary — Evolution of storage and loss moduli during conversion progress of the filled epoxy
system EPY® (Epidian 6 with triethylenetetramine), applied for the production of machine foundation
chocks, was studied using dynamic mechanical thermal analysis (DMTA). The results obtained and
the results previously reached by differential scanning calorimetry (DSC) and rotational viscometry
made possible to determine the diagram glass transition temperature-temperature-property (TTP) for
the investigated system, where Ty is the direct measure of conversion and P denotes property under
investigation — loss modulus. This way of using T in this diagram makes possible the linearization
of the relationships among the temperatures corresponding to the maxima and minima of the physical
properties and the extent of cure. The lines within ToTP diagram show the courses of structural
transformations during cure i.e. glass transition (Ty), B-transition (Tg) and gelation (geiTg). The diagram
lines separate several regions which are dependent on the extent of cure and the material shows
different physical properties within each of them. TyTP diagram calculated for the EPY® material can
facilitate understanding of the relationships among transitions and material properties.

Key words: epoxy system, extent of cure, gelation, glass transition, loss modulus, T4TP diagram.

DIAGRAM TEMPERATURA ZESZKLENIA-TEMPERATURA-WEASCIWOSC (T;TP) UKLADU
EPOKSYDOWEGO EPY®

Streszczenie — Metoda termicznej analizy dynamicznych wlasciwosci mechanicznych (DMTA) ba-
dano zmiany modutu zachowawczego (E‘) i modutu stratnosci (E”) z postepem konwers;ji (rys. 3, 4 i
5) napelnionego ukladu epoksydowego EPY® (Epidian 6 z trietylenotetraamina). Material ten jest
stosowany do produkcji podkladek fundamentowych maszyn. Wyniki tych badan razem z wynikami
uzyskanymi wczesniej za pomoca réznicowej kalorymetrii skaningowej (DSC) (tabela 1) i wiskozy-
metrii rotacyjnej pozwolily na wyznaczenie diagramu temperatura zeszklenia-temperatura-wtasci-
wosé (TgTP) tego uktadu (rys. 1,21 6), gdzie Ty jest bezposrednia miarg postepu konwersji, a P oznacza
rozpatrywana wlasciwo$¢ — modut stratnosci. Uzycie Ty jako bezposredniej miary postepu konwersji
w tym diagramie umozliwia linearyzacje zaleznosci miedzy wartosciami temperatury odpowiadaja-
cymi maximum i minimum wiasciwosci fizycznych a postepem sieciowania. Linie na diagramie TgTP
odzwierciedlaja przebieg przemian strukturalnych materiatu: zeszklenie (Ty), B-przejécie (Tp) i zelo-
wanie (geiTg). Linie te wyznaczaja réwniez podobszary, w ktérych material, w miare postepu konwer-
sji, wykazuje r6zne wlasciwosci fizyczne. Opracowany diagram T¢TP tworzywa EPY® umozliwia
lepsze zrozumienie zaleznosci miedzy przemianami zachodzacymi w ukladzie a wlasciwosciami ma-
teriatu.

Stowa kluczowe: uklad epoksydowy, postep reakgji sieciowania, zelowanie, zeszklenie, modut strat-
nosci, diagram TgTP.

Epoxy resins are the most important thermosetting
polymers, widely used as structural adhesives, compo-
site materials, surface coatings, electronic devices [1—5].
The chemical reactions occurring during the cure of
epoxy resins cause physical changes associated with the
two distinct macroscopic transitions of gelation and vi-
trification [6—38].

Gelation is a sudden and irreversible transformation
of the system from a viscous liquid to an elastic gel. It

corresponds to the incipient formation of an infinite net-
work at the first stage of curing, causing changes in ma-
croscopic properties of the system. Gelation occurs at a
definite conversion for a system (according to the Flory’s
theory of gelation) and it depends on the functionality of
the epoxy resin and stoichiometry of the components [9,
10].

Vitrification involves a physical transformation from
a liquid or rubbery state to a glassy state as a result of an
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increase in crosslinking density of the material. This phe-
nomenon occurs when glass transition temperature (T)
becomes equal to the curing temperature (T,). The vitri-
fication point marks a change in the reaction mechanism
passing from chemically kinetically-controlled to diffu-
sion-controlled one. From that point the reaction be-
comes slow and finally stops [11, 12].

These transitions occuring during cure reaction of
epoxy resins can be studied using different techniques.
A detailed review of thermal analysis techniques appli-
cable to epoxy characterization is available in literature
[2]. Gelation and vitrification can be conveniently deter-
mined by dynamic mechanical analysis (DMA). Al-
though vitrification is commonly determined by DMA,
differential scanning calorimetry (DSC) offers increased
temperature accuracy and control [13]. A combination of
these two techniques allows separation of gelation and
vitrification [13] and provides the information necessary
describing a cure diagram. There are analytical equa-
tions describing the cure progress of epoxy systems as
functions of both temperature and time [14] which allow
verification of a cure diagram.

Occurrence of both these transitions is caused by in-
creasing extent of cure for thermoset system within the
cure time. A growing extent of cure is related with non-
-linear increase in T, because at a small extent of cure,
the increase in T is due to increasing molecular weight
of epoxy resin, whereas, at a high extent of cure, an in-
creasing T, results in higher crosslinking densities [15].

Determination of the thermal conditions in which
these transitions occur makes a basis for developing the
cure diagrams useful in practice i.e. time-temperature-
transition (TTT) diagram, conversion-temperature-tran-
sition (CTT) diagram and also glass transition tempera-
ture-temperature-property (T,TP) diagram discussed in
this article. These diagrams facilitate grasping and un-
derstanding the relationships among reactants, cure
path, transformations, structure, physical states and pro-
perties of the material. TTT and CTT cure diagrams cal-
culated for the EPY® epoxy system were presented in
previous articles [16, 17].

However, in this article TgTP diagram is presented
where P can denotes a specified property of the material
(e.g., loss modulus, density, physical ageing rate). T;TP
diagram (presented schematically in Fig. 1) creates a
general framework for understanding and summarizing
the relationships among the properties and the extent of
cure at various temperatures from the liquid state to the
glassy state [18, 19].

The X-axis and Y-axis of the T, TP diagram (Fig. 1) are
the extent of cure (as measured by T) and the tempera-
ture of the system (T), respectively. Straight lines in the
diagram determine the conversion relating to the values
of specific temperatures of the system, ie. T,, the onset
(iTy) and the end (.T,) temperature of the glass transition
as well as B-transition (Tg) temperature and also gelation
temperature (g/T,). The whole area of the diagram is
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Fig. 1. Schematic glass transition temperature-temperature-
property (T,TP) diagram for thermosetting systems; designa-
tions — see the text

divided by these lines into several regions which are
related to various stages of the cured material, ie.
ungelled glass, gelled glass I, gelled glass II, glass transi-
tion, sol fluid, and sol-gel rubber. The diagram deve-
loped in this way is aimed at visualization of the conver-
sion effect of the system (measured as T, values) on iso-
thermal properties of the material. The regions marked
in T, TP diagram show that structural changes of the sys-
tem occur as cure proceeds. The lines of the diagram
allow to indicate the maxima and minima of the selected
properties relating to conversion of the system. Hence
T, TP diagram makes possible to qualify the behavior of
the physical properties of the material with respect to
increasing cure of the system determined by its tempera-
ture and its T, [18].

T, TP diagram is analogous to TTT diagram [20], ex-
cept that it deals with properties after cure rather than
during the cure. The Y-axis (indicating the measured
temperature) is identical in both diagrams. However,
different values can be seen on the X-axis which show
the glass transition temperature (T,) in T,TP diagram
and the cure time in TTT diagram. Thanks to that the
X-axis distinctly differentiates presentation of conver-
sion in both of the diagrams. The extent of cure is shown
in TTT and T TP diagrams through iso-conversion
curves and outright in the X-axis, respectively. Since T is
uniquely related to fractional conversion and can be
measured more accurately than the letter especially at
high conversion [11] hence measured T, value is the
most sensitive indicator of the changes in network struc-
ture. Then Ty is directly related not only to the solidifica-
tion process and the state of the material but it is involv-
ing to the network structure and material properties as
well. Furthermore, physical properties of the epoxy sys-
tem deep in glassy state (e.g. density, modulus and
physical ageing rate) versus extent of cure are deter-
mined principally by the values of variables T, and T
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[18] and changes of these properties are affected by T,
and Tg both of which grow along with the increase in the
extent of cure.

The EPY® epoxy system — the object of the investiga-
tions presented in this and earlier papers [16, 17] — is
applied as a material for the foundation chocks in seat-
ing of a ship machinery and installations and also for
many various heavy land-based machines [21].

The main aim of this study was to develop a T,TP
diagram for the epoxy material where loss modulus is
the property analyzed therein. The diagram deve-
loped in such a way can be a basis for analysis of the
correlation of the changes occuring along with an in-
crease in the extent of conversion so the casual connec-
tion between the structure and properties of the mate-
rial.

EXPERIMENTAL

Materials

The main components of the investigated material,
which trade name is EPY® (from Marine Service Jarosze-
wicz, Szczecin, Poland) are: epoxy resin Epidian 6
(epoxy number 0.532 mole/100 g) and a curing agent
Z-1 (triethylenetetramine), both produced by Chemical
Works Organika-Sarzyna in Nowa Sarzyna, Poland. The
resin and curing agent ratio is constant and equals 14
parts of the curing agent per 100 parts of the resin. The
epoxy system is completed with additives giving appro-
priate technological and useful properties of the mate-
rial. The chemical structures of the reacting materials are
shown in the previous article [22].

Sample preparation

The system samples were cast in steel forms in the
shape of rectangular bars (50x10x5 mm) and cured at
23 °C for 24, 48 or 168 h. Besides, several samples cured
at 23 °C for 24 h were additionally postcured at 40, 60, 80
or 100 °C for 2 h. Preparation of the samples used in the
investigations of gelation and postcuring processes was
given in the previous article [16].

Methods of testing
DSC measurements

Differential scanning calorimeter (Du Pont DSC 910)
was used to follow the postcuring. The DSC technique
has been well described in the literature [23, 24]. Parame-
ters now applied were the same as defined in the pre-
vious article [16].

Viscoelastic measurements

Parallel plate rheometry was used to measure the ma-
terial behavior below the gel point. Viscoelastic data
were obtained using ARES rheometer (Rheometric

Scientific) and were the same as defined in the previous
article [16]. The rotational viscometry technique has
been well described in the literature [25, 26].

DMTA measurements

Dynamic mechanical thermal analysis (DMTA) en-
ables to define both elastic and viscous flow charac-
teristics of viscoelastics materials [27—29]. An example
of the former is the storage modulus (E"), of the letter the
loss modulus (E”). Tangent delta = E”/E’ is also in use.
DMTA MK-II dynamic thermal analyzer (from Polymer
Laboratories) in three-point bending mode was used.
The specimen was cooled with rate 5 °C/min from room
temperature to -100 °C under the nitrogen atmosphere
and then heated with rate 3 °C/min from -100 to 250 °C
and subjected to oscillating frequency of 1 Hz. Evolution
of E”and E” moduli was registered during the tempera-
ture-scanning experiments. The temperatures at which
various relaxations occur, i.e. Ty and T, were determined
during heating. Temperature of 3-relaxation (Tp) is asso-
ciated with localized subsegmental motions of 3-transi-
tion below T, whereas T, — with cooperative or segmen-
tal motions of glass transition. The temperatures of the
maxima in E” modulus attained at low- and high- tem-
perature part of the scan on heating were used to assign
the values of Ty and T, respectively.

It is noticeable that DMTA gives higher T, values
than DSC due to the measurement of extrinsic mechani-
cal properties rather than intrinsic heat capacity and the
poorer temperature control of the instrument [30]. For
this reason the E” maxima values were just used to de-
termine the T, values because the latter would be ap-
proximately 15 °C higher if the tangent delta maxima
were applied for the same purpose.

Development of T;TP diagram

An experimental development of T,TP diagram for
thermoset resins performed only on the grounds of ex-
perimental results involved costly and time consuming
experimental measurements. In the previous article [16]
it was proved that the number of necessary experimental
measurements can be limited to a minimum thanks to
numerical modeling. This modeling allows determina-
tion of both the conversion at the gel point () and the
temperature at which gelation and vitrification of the
investigated system occur simultaneously (¢ T¢). These
measurement results obtained with the use of dynamic
and isothermal DSC and rotational viscometry (ARES)
were completed with the results presented in this article
which comprise the runs of storage modulus (E’) and
loss modulus (E”) changes obtained using dynamic me-
chanical thermal analysis (DMTA) method. The flow
chart for development of T, TP diagram is shown in Fig.
2. An appropriate gathering and combining of the ex-
perimental results allow to develop T,TP diagram for
the material.
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Experimental investigations
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Fig. 2. Flow chart of the experimental development of TgTP
diagram

RESULTS AND DISCUSSION

Principal parameters of the epoxy-amine system

The characteristic glass transition temperatures of the
EPY® system which were determined in the way given
in the previous article [16] are included in Table 1, where
Tgo and Ty, are the glass transition temperature of the
uncured material and glass transition temperature of the
fully cured material, respectively. Value of the conver-
sion degree at the gel point (0L,) and value of the tem-
perature at which gelation and vitrification occur simul-
taneously (¢/T) are also included in this Table. Value of
the ¢ T; was calculated using the DiBenedetto’s equa-
tion [31] and value of the oy, = 0.58 was determined
experimentally.

Table 1. Principal parameters for EPY® system [16]; description
of symbols — see the text

0
Ocgel TgO’ C

0.58 -45.6 12.5

e Te °C T,., °C

O,
il Tp, C

111.2 -35.5

The relaxation temperatures of the system corre-
sponding to the maxima in loss modulus (E”) versus
temperature were determined using the DMTA tech-
nique with frequency of 1 Hz. The B-relaxation tempera-
ture (Tg..) of the fully cured EPY® material is included in
Table 1.

The principal parameters: Tqo, Tgeo, Teo, Olger and ge1 T
make a basis for description of the complex behavior of
the properties of thermoset systems after cure versus

chemical conversion [32]. Such a description can be pro-
vided in the form of T, TP diagram.

T versus conversion

The relation between T, and progress of conversion
for the material which was verified in the previous arti-
cle [16] showed good agreement of the experimentally
obtained results with DiBenedetto’s model. These re-
sults confirmed that T, value proved to be a good index
for monitoring of chemical conversion.

Transitions during temperature scans versus extent
of cure

The thermomechanical properties, i.e. storage modu-
lus (E”) and loss modulus (E”), obtained during tempera-
ture scans for the material cured to different extents, are
shown in Figs. 3a and b, respectively.

a 10,
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ldJ: T T T T T T
b 10,
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= 10
i 10* ]

10° ]
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Fig. 3. Temperature dependence of storage modulus E’ (a) and
loss modulus E” (b) for the EPY® material postcured at va-
rious temperatures

T, that grows because of the curing from Ty to T is
reflected by the maximum of dominant relaxation peak
at the loss modulus (E”) curve shown in Fig. 3b. The
areas under the peaks of E” modulus diminish and be-
come narrower along with the increase in postcure tem-
perature. A reduction in the breadth of such a peak is a
symptom of contraction of the temperature interval in
which glass transition occurs whereas more and more
small area of the peak shows an increase in conversion
for the material along with an increase in postcure tem-
perature.

Below T, a small peak at low temperature part of the
modulus E” curve is observed and its maximum deter-
mines the B-relaxation temperature (Tg) combined with
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flexible subsegments of the developing network. Ty of
the system grows with increasing conversion which is
shown in Fig. 3b.

Tg versus T

A temperature scan of the material from the liquid or
rubbery state into the glassy state yields the temperatures
of the glass transition (T,) and secondary transition (Tp)
for the system. The values of T, and T were determined
from the loss modulus (E”) maxima at low and high tem-
perature parts of the scan, respectively. It is shown in Fig.
3b that values of T and Tp of the system increase along
with extent of cure throughout the curing process.

T,

T,°C
Fig. 4. Dependence of Tg on T, (as measure of extent of cure)
for the EPY® material

Dependence of Tg on T, (considered as measure of
conversion) described in the literature [18] shows a jump
in the vicinity of gelation (Fig. 4). This may be indicative
of different micromechanisms of -transition before and
after gelation. However, it can also be seen (Fig. 4) that
Tp increases linearly with T, as before so after the gel
point. It seems that the changes of Tp and T are affected
by similar structural factors, i.e. the crosslinking sites af-
ter gelation [18, 33]. The B-transition temperature of the
system at its gel point is defined here as ¢,Tg = ~78.3 °C
(Fig. 4). This temperature is a material parameter of a
curing system similarly as T, of the curing system at its
gel point, ;T = 12.5 °C and both are independent on
curing temperature [9, 18]. An increase in Ty after gel
point, with an increasing extent of cure, significantly af-
fects physical properties of the system in glassy state
[18].

E’ modulus versus extent of cure

The investigation results of thermomechanical be-
havior of the material postcured at various temperatures
(from 40 to 100 °C) thus brought to different values of
conversion extent, are shown in Fig. 5. This figure clearly
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Fig. 5. Evolution of storage modulus (E) versus extent of cure
for the EPY® material

shows the variation scope of storage modulus (E’) for
such postcured material which was determined (on the
basis of Fig. 3a) at temperatures of 20 and 60 °C corre-
sponding to the typical values of working temperature
for foundation chocks of main and auxiliary ship‘s en-
gines. The picture of E’ modulus variation shown in
such a way distinctly indicates that also a rise in its resis-
tance to softening occurs along with an increase in
postcure temperature of the material. On this ground
(Fig. 5) from a practical point of view one can assume
that the optimal postcure temperature for the EPY® ma-
terial approximately equals 80 °C. This temperature not
only can secure an elimination of risk of the material
softening in the working temperature range for founda-
tion chocks but it can also ensure obtaining stable mea-
surement values of E modulus.

Tg-temperature-property (TgTP) diagram

The results obtained of the epoxy system were sum-
marized in the form of the T,TP diagram (Fig. 6), where
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Fig. 6. T,TP diagram (P is E” modulus) developed experimen-
tally for the EPY® material
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P denotes specified property of the material and here it
stands for loss modulus (E”). The X-axis and Y-axis of
the diagram are conversion measured by T, and tem-
perature of the system, respectively.

To plot the diagram it was necessary to determine
experimentally some of the characteristic temperatures
of the system, i.e. Ty = -45.6 °C, Tooo = 111.2 °C. Other
necessary temperature at which gelation and vitrifica-
tion occur simultaneously ¢Ty = 12.5 °C was calculated
using DiBenedetto’s equation, whereas the value of
Oge1 = 0.58 was determined experimentally [16].

The major transitions, gelation and vitrification,
which affect material properties are illustrated by
straight lines in T, TP diagram. Gelation is represented
as a vertical dashed line in the diagram separating the
sol and sol/ gel regions at ¢, T, = 12.5 °C whereas vitrifi-
cation shows a solid diagonal line, corresponding to
T, = T. There are also two straight lines denoting the
onset (;Ty = Tg — 20 °C) and the end (T = T, + 35 °C)
temperatures of the glass transition. Besides the dia-
gram makes visible the course of B-transition tempera-
ture (Tp) versus extent of cure with dash broken line and
solid diagonal one in the range of low and high extent
of cure, respectively.

T TP diagram area is separated by the above men-
tioned lines into several regions of different extent of
cure at the selected cure temperature for the epoxy sys-
tem. The cured material shows different physical pro-
perties in each of these regions. To introduce oneself to
the material properties at various temperatures in the
aspect of changing of loss modulus values one can dis-
tinguish the following regions in T, TP diagram:

— Ungelled glass region (T < Ty and T < Tg < ¢¢T)
— isothermal modulus of the material increases linearly
and sharply along with increasing extent of cure.

— Gelled glass region I (Tg < T < Ty and ¢Ty < T, <
T¢.) — isothermal modulus of the material decreases
along with increasing extent of cure.

— Gelled glass region II (T < Tgand geng < Tg < Tgm)
— isothermal modulus of the material increases at a low
rate along with increasing extent of cure relative to that
in the ungelled glass region.

— Glass transition region (T, < T < Ty and Ty < Ty
< T4e) — modulus of the material shows a large progres-
sive increase along with increasing extent of cure due to
vitrification, attaining a maximum at eTg, beyond vitrifi-
cation. Glass transition region includes three lines in
T, TP diagram corresponding to the onset of glass transi-
tion (;Tg = Ty~ 20 °Q), to vitrification (Tg =T,), and to the
end of glass transition (eTg = Tg + 35 °Q).

— Sol fluid region (T > Ty and Tgo < T < geiTg) — the
material is a viscous fluid with low modulus. The modu-
lus shows a small step-increase near the gel point along
with increasing extent of cure [18, 33].

— Sol-gel rubber region (T > Tg and geng < Tg < Tgm)
— modulus increases along with increasing extent of
cure.

The significance of T TP diagram is that the critical
points (such as the maximum and minimum of modulus
versus extent of cure) are arranged linearly and almost
parallelly to the vitrification (T,) line. These arrange-
ments indicate that the properties of thermoset materials
in glassy state seem to be determined mostly by the va-
lues of variables Ty and T applied to the material. The
use of Ty as a measure of extent of cure results in lineari-
zation of the relationships among the critical points and
temperature in T,TP diagram. This facilitates the con-
struction of T, TP diagrams for different systems [18].

CONCLUSION

T,TP diagram calculated for the EPY® epoxy material
is a valuable complement to the cure diagrams ie. TTT
isothermal cure diagram [16] and CTT diagram described
previously [17]. All the diagrams are useful and suitable
tools for deeper understanding of the relationships
among the reactants, cure path, structures, transforma-
tions, physical states and properties of the material.
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