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The correlation between the glass transition temperature, 7, and the cure degree, a, of epoxy
polymers has been analysed on the basis of an extension of the Vogel-Tamman-Fulcher
equation for the viscosity of polymers and glasses.

A physical meaning has been given to the coefficients of the series expansion of the function
T,=T,(a).

This analysis allows one to verify that the experimental (7, o) data support the conclusion
that, in the case of thermoset polymers, the ideal glass transition temperature, T, appearing in
the VTF equation, is larger than 7.

This conclusion may be supported by the thermodynamic interpretation of 7, as the
temperature at which the excess entropy of the systems tends to vanish: in the case of partially
cured thermosets; T, would represent the minimum temperature at which the system becomes
able to enhance its cure degree.

One of the main parameters allowing the characterization of any polymer is its
glass transition temperature, 7,.

In the case of polymers such as epoxy resins, the glass transition temperature
depends upon the polymerization degree, «, of the material considered [1].
Accordingly, it is of some relevance to establish the dependence of T, on a.

As phenomenological evidence, in isothermal cure processes 7, increases up to
the cure temperature, T,, with increasing a, so that, when a approaches unity,
T, = T.. Further, both the T, vs. a trend and the T, value at =1 seem dependent
upon 7.. One can thus define a peculiar 7, vs. « trend for each given T, cure
process [1, 2]. ’

The aim of the present work is to interpret the phenomenological correlations
between T, and T, and between T, and a.
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General considerations

To attain this goal, it is necessary to define 7, in terms of another suitable
property of the material investigated. One possibility is offered by the well-known
empirical relationship connecting the viscosity of polymers and glasses with
temperature, viz. the Vogel-Tamman—Fulcher (VTF) equation:

n= Aexp[B/(T—To)] )

where 7 is the viscosity, T, is the “‘ideal” glass transition temperature, and 4 and B
are constant parameters, characteristic of the material under investigation.
In order to define the glass transition temperature, Eq. 1 can be rewritten as

T,=T,+A4—B/(logn/A) )

where 4 is the difference (T,— T,).

For an isothermal (7= T,) progressing cure, one may safely assume that, after a
partial cure, viz. « <1, a polymer sample would obey Egs 1 and 2, provided that
T<T,, i.e. when the cure may be supposed to be frozen [3]. Accordingly, the
expression

Ty(x) = T+ 4(a)— B(a)/[log n/A()] €)
should adequately represent any intermediate step of an isothermal cure process
occurring at 7.

A more explicit expression describing the T, vs. « trend requires some assumption
about the dependence of 7 on a.

As the logarithm of 7 is roughly proportional to the molecular weight of the
material investigated [4], it seems reasonably to hazard that log n could parallel the
o vs time trend, viz. if

a=1~—exp(—kr)

then
log n = logn,+y[1 —exp(—k1)] €))

where y = log [n(a= 1)/1,], so that dy = ypda.

The experimental evidence that T, attains T, when a = 1 supports the assumption
that a function representing the T, vs. a trend should have a definite value at a=1,
viz. T,.

It then seems reasonable to approach such a function through a series expansion,

viz.:
T, =T,(e=1)~(1-a)(dT,/do),-, +

(5)
+(1 - 0)2/2(d?T,/da?),_, + . . .

with T ,(a=1) = T,.
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The coeflicients of the polynomial expression in Eq. 5 are physically meaningful,
masmuch as they relate to y and 4, viz.:

dT,/da),.,= (d4/da),_, +y[4%/B],=,
and
(d*T,/de?),—, = (d*4/da?), -, —2y*[4%/B?],-,.

Experimental

T, values were determined for four epoxy adhesives, chosen from among those
currently employed by the aerospace industries. All of them were isothermally
cured at T, = 373 K.

A DuPont differential scanning calorimeter mod. 1090 was employed: a suitable
heating rate was found to be 2 deg/min; as a rule, the flexus point of the baseline
shift was taken as representative of the glass transition.

A typical sample weight was about 20-1072 g. When the samples of a given
epoxy adhesive showed two or more T, signals, only the highest ones, i.c. those
converging to the corresponding T, were taken into account, the remaining signals
being attributable to polymer components not involved in the formation process of
the final copolymer [1].

Results and discussion

As a rule, the experimental (T, «) values can be satisfactorily fitted with second-
order polynomials.

When obtained from regression analysis, the latter describe trends with a
minimum for some low « value (e.g. rather close to x=0), which are therefore
physically meaningless.

The incongruity can be overcome, however, by adding the condition
d7,/da),.,=0.

If the simplest case, i.e. (d7,/da),-, = 0, is assumed, it follows from Eq. 5 that

dT,/da),~, = (4T ,/da?), -,
and
dT,/da = a(d?*T,/da?),., = d2T,/da?

Under such conditions, it is easy to verify that
T, = T.— (d°T,/da?),— ,(1—a?)/2
(dZTg/daz)a=l = 2[Tc— Tg(a = 0)]
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and that the “fitting” expression for the T, vs. « trend reduces to
T, =T~ [T.— Ty(x = 0)] (1 —a?) (6)

An interative calculation can therefore be used to single out the best value of
[T,— T,(e = 0)], which corresponds to the minimum of the sum

T

_ )2
,cale g,exp

(T,
Such [T, — T,(a = 0)] values are reported in Table 1 for all the epoxies investigated.
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Fig. 1 T, vs. « experimental data “fitted” with iterative use of Eq. 10. 1) AF 163 WT06; 2) AF 163/2

WT06; 3) FM 53; 4) FM 123/2. All the samples were isothermally cured at 373 K

Table. 1
Epoxy [T,— Tz =0),K
AF 163 WT06 ‘ 115
AF 163/2 WT06 107
FM 53 117
™M 123/2 101
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Figure 1 shows the correponding ““calculated” curves matching the experimental
data.

As a further consequence of the above approach, one may easily recognize that
the 4 vs, « trend is represented by a function 4(x) with derivatives at a=1:

(d4/da),=, = [T.— T (x = O)] = y(4/B )=,
and
(d24/do),-, = [T.— T,(a = 0)]+2y%(43/B?),_,

From the analysis of the corresponding series expansion for A(x) it follows that
Aa=1) = [T,(x = D= To(e = )] = [T.— Tola = D] = —2B/y<0
which is possible only if

A(a) <0
throughout the « range.

Such a conclusion is apparently opposite to the usual observation concerning
glasses and non-thermoset polymers [3, 6]. However, it finds simple justification in
the fact that the systems investigated here host a progressing chemical reaction, viz.
the isothermal extension of a polymer framework.

In fact, 7,, the ideal glass transition temperature, has been thermodynamically
interpreted [7] as the temperature at which the excess configurational entropy of the
system vanishes.

In the present case, the progress of the polymerization implies the involvement of
further bonds in the polymer network, i.e. a reduction of the “‘disorder”.

Accordingly, the exhaustion of the reaction would correspond to a “no more
reactive group situation”, i.e. to a completely defined framework [8], whose
configurational entropy may be considered zero with respect to the initial mixture
of monomers.

Hence, for this kind of polymer, T, would represent the minimum temperature at
which the system is able to attain (no matter what the time required) the exhaustion
of bond formation throughout its own extension.

This also means that a thermoset polymer which is not completely polymerized
(x<1) requires to be held at least at T = T,> T, to enhance its a: were the system
held at T = T,, it would not be able to support the progressing of the cure.

Work supported by the *‘Progetto Finalizzato Chimica Fine e Secondaria™ of the Italian C.N.R.,
grant No. 84.01304.95
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Zusammenfassung — Die Korrelation zwischen der Glasumwandlungs-temperatur 7, und dem
Aushirtungsgrad o von Epoxidpolymeren wurde analysiert, und zwar basierend auf einer Erweiterung
der Vogel-Tamman-Fulcher-Gleichung fiir die Viskositdt von Polymeren und Glisern. Den bei der
Reihenentwicklung der Funktion T,=T,(a) auftretenden Koeffizienten wurde eine physikalische
Bedeutung zugeschrieben. Diese Analyse erradglicht nachzuweisen, dafl die experimentellen Daten (77,
) die SchiuBfolgerung stittzen, daB im Falle von hitzehértbaren Polymeren die in der VTF-Gleichung
auftretende sogenannte ideale Glasumwandlungstemperatur 7, hoher als T ist. Diese Konklusion wird
auch durch die thermodynamische Interpretation von T, gestiitzt, ndmlich als die Temperatur, bei der
die UberschuBentropie des Systems gegen Null geht: im Falle von teilweise ausgehirteten
hitzehdrtbaren Polymeren wiirde T, die minimale Temperatur darstellen, bei der eine Erhdhung des
Aushirtungsgrades des Systerns einsetzt.

Peatome — Koppesiius Mexty TEMIEpaTYpoOll paccTeKIoBbIBaHus T, ¥ CTENEHLIO BY TKAHH3ALMHU (o)
3MOKCHAQIMMEPOB AHATIM3MPOBANACH HA OCHOBAHWH PACIINPCHHOTO YPABHEHMA BA3KocTH Borems—
Tammada-dynsuepa 1S NOAAMepoB H cTekon. Jamo Qusuueckoe 3HaycHHe KOI(PHIMEHTOB
mmpokoro pana ¢yukmuit T, = T,(«). [IposeeHHbIA aHANHN3 IKCICPUMEHTANLHEIX JTARHBIX T,ua
DOATBEpAMI 3aKiOYEHHME, YTO TAK HasbipacMas HIcanbHad TEMIEpaTypa paccrekioBbisanus T,
posBnsioniascs B ypapHenuy Borens—Tammana-®ynpyepa, B Ciyyae TSPMOPEAKTHBHBIX HOJHMEPOB
Boiue 4eM T,. DTO 3aKTIOY9eHME TOXTBEPKIACTCA TRKXE TEPMOINHAMUIECKOH HnTepnperaumeii T,
XaK TEMIIEPATY PRI, IPA KOTOPO# H30HLITOYHAS FHTPOIIHS CHCTEM CTPEMHTCA K HYJI0. B ci1yvae 4acTuyHO
BYJKaHH3HPOBAHHBIX TEPMOPEAKTHBHBIX NOJHEMEPOB, T, IPEACTABIAET TY MUHMMAILHYIO TEMIIEPaTy-
Py, IPH KOTOPO#l CHCTEMbI CTAHOBATCS CIIOCOGHBLIMH K YBETHUEHHIO CTETIEHH BYJIKAHH3ALMH.
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