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ABSTRACT: A series of epoxy networks were synthesized in which the molecular weight
between crosslinks (M, ) and crosslink functionality were controlled independent of the
network chain backbone composition. The glass transition temperature (7) of these
networks was found to increase as M, decreased. However, the rate at which T, in-
creased depended on crosslink functionality. The dependency of M, on T, is well de-
scribed by two models, one based on the concept of network free volume while the other
model is based on the principle of corresponding states. Initially, neither model could
quantitatively predict the effect of crosslink functionality in our networks. However,
our tests indicated that both the glass transition and the rubbery moduli of our net-
works were dependent on M, and crosslink functionality, while the glassy state moduli
were independent of these structural variables. The effect of crosslink functionality on
the rubbery modulus of a network has been addressed by the front factor in rubber
elasticity theory. Incorporation of this factor into the glass transition temperature
models allowed for a quantitative prediction of T, as a function of M, and crosslink

functionality. © 1997 John Wiley & Sons, Inc. J Appl Polym Sci 66: 387—395, 1997
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INTRODUCTION

The glass transition temperature (7T,) is one of
the most important properties of a polymeric sys-
tem. It has been shown in epoxy resins that the
yield and fracture behavior are related to the
glass transition temperature.’~® Hence, it is im-
portant to understand the role that network archi-
tecture plays on 7, such that performance proper-
ties can be tailored. Models propose that the T, of
a fully reacted polymer network (Ty,) is a result
of two factors: T, of the linear polymer backbone
at infinite molecular weight (7,.) and the in-
crease in T, due to crosslinking.*”” However,
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none of these models directly account for junction
point functionality, which has been shown to af-
fect T,.°

In the present work, epoxy networks were con-
structed in which the molecular weight between
crosslinks and crosslink functionality were con-
trolled without significantly affecting T,... The ef-
fect of M, and crosslink functionality on the glassy
moduli, rubbery moduli, and T of these networks
were determined experimentally. Observations
and correlations of these properties allowed for
an empirical modification of two popular glass
transition temperature models to quantitatively
account for crosslink functionality.

EXPERIMENTAL

Materials

Epon 825, a diglycidyl ether of bisphenol A epoxy
resin, was supplied by Shell Chemical Company.
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Table I Chemical Structures of Resin and Curing Agents

Epon 825: A diglycidyl ether of bisphenol A epoxy resin
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Epon 825 has an epoxy equivalent weight of 175
g/mol of epoxide groups. This value corresponds
to n = 0.04 in the structure of Epon 825 shown
in Table 1.

Ethylenediamine (EDA), N-methylethylenedi-
amine (MEDA), and N,N’-dimethylethylenedi-
amine (DMEDA) were purchased from Aldrich
Chemical Company with a minimum purity of
99.0%. The structures of these amine molecules
can be found in Table I. EDA is modeled as a
tetrafunctional crosslink and MEDA is modeled
as a trifunctional crosslink, while DMEDA is mod-
eled as a chain extender. By blending different
amounts of these amines, M, and crosslink func-
tionality can be controlled while maintaining stoi-
chiometry.

1,4-Diaminobutane, hexamethylenediamine,
1,8-diaminooctane, 1,10-diaminodecane, and
1,12-diaminododecane were also purchased from
Aldrich Chemical Company with a minimum pu-
rity of 99.0%. Stoichiometric amounts of these
crosslinking agents were mixed with Epon 825.
These amine molecules were selected to deter-
mine whether short chain diamines, like ethyl-
enediamine, can achieve high conversions despite
a reduction of segmental mobility due to a high
degree of crosslinking. All materials were used as
received without further purification.

Sample Preparation

Epon 825 was degassed in a vacuum oven at 100°C
for 8 h. After degassing, the resin was placed in
a oven at 50°C and allowed to equilibrate. Stoi-

chiometric amounts of the amines were mixed
with the resin for 3 min and degassed for an addi-
tional 5 min. The mixture was then poured into
treated 11.5-mm diameter glass test tubes, and
between two treated glass plates, which were sep-
arated by a 1.6-mm thick Teflon spacer and
clamped with several c-clamps. The glass was pre-
treated with SurfaSil, a silating agent purchased
from Pierce Chemical Company, which prevents
adhesion between the resulting resin plaque and
the glass. Once the resin was poured, the mold
and test tubes were placed back into the oven at
50°C for 3 h for gelation to occur. The molds and
test tubes were then placed in an oven and post-
cured for 3 h at a temperature 20°C above T%,, as
determined by a differential scanning calorimeter
(DSC). After postcure, the plaques and test tubes
were allowed to slowly cool to room temperature
and then separated from the glass. Samples (5—
10 mg) taken from the plaques were analyzed by
a DSC while rectangular bars, machined from the
plaques using a specially designed router, were
analyzed by a dynamic mechanical thermal ana-
lyzer (DMTA). The test tubes were broken and
the resulting epoxy cylinders were cut with a dia-
mond saw to form 20-mm long compression sam-
ples. All samples were placed in a desiccator 1
week prior to testing.

Mechanical and Thermal Analysis

Differential scanning calorimetry was performed
with a DuPont Thermal Analyzer 2000. The T,s
of all synthesized networks were measured at a
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heating rate of 10°C/min. Dynamic mechanical
thermal analysis was performed with a Polymer
Laboratories’ DMTA in the single cantilever mode
operating at 1 Hz and at a heating rate of 2°C/
min. Compression tests of all networks were per-
formed at 20 K above T, and at a crosshead speed
of 0.5 mm/min with a Model 1123 Instron. The
compression samples were compressed to 75% of
their original height. In all static compression
tests, little to no mechanical hysterisis occurred
between compressing and decompressing the
samples. This indicated that equilibrium was
achieved and that application of rubber elasticity
theory to evaluate the networks is valid.

RESULTS AND DISCUSSION

Calculation of Network Parameters

In what follows, we assume that all network for-
mation occurs by the reaction of epoxide groups
with primary and secondary amines and that full
conversion is achieved. This allows important net-
work parameters to be calculated. This consider-
ation is supported by the fact that reactions of
epoxide groups with primary and secondary
amines are more favored than the base catalyzed
epoxide etherfication reaction, which does not oc-
cur until reaction temperatures are much greater
than 150°C.*'° In addition, full conversion is sup-
ported by the observation that the glass transition
temperature of the constructed networks did not
change with a further increase in postcure time
and postcure temperature.’

Horie et al.™ argued that an increase in the
number of methylene units in aliphatic diamines
of the structure H,N— (CH,),—NH, reacted
with a diglycidyl ether of bisphenol A epoxy resin
results in an increase in the final conversion, with
near 100% conversion being achieved by diamines
with six or more methylene units. In their study,
the supposed lack of high conversions in shorter
amines was attributed to the restriction of seg-
mental mobility due to high levels of crosslinking.
However, our work does not support this finding.
In Figure 1, we present a plot of T}, vs. the number
of methylene units for networks constructed with
Epon 825 and a homologous series of aliphatic
diamines of the structure H.N— (CH,),—NH,.
Assuming 100% conversion occurred for networks
constructed by diamines with six or more methyl-
ene units, Horie et al.™ findings would suggest a
plateau in T}, as the number of methylene units
approaches three to four. Our results show that
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Figure 1 The variation in 7, as a function of the
number of methylene units for networks constructed
with Epon 825 and a homologous series of aliphatic
diamines as determined by DSC.

no plateau exists, indicating that high degrees of
conversion might be possible in resins cured with
short chain diamines. Another interesting obser-
vation in our laboratory is the fact that samples
cured with EDA in a DSC pan resulted in a much
lower T, than the same samples cured between
glass plates. This discrepancy could be the result
of EDA consumption in the DSC pan by side reac-
tions with the pan and air. Because the glass tran-
sition temperature is connected with network con-
version, this observation could help explain the
lack of high conversions by networks cured with
EDA as reported by Horie et al.'* Vakil and Mar-
tin'? reported a conversion of 95% for a network
synthesized with Epon 825 and 1,3-phenylenedi-
amine subjected to a similar postcure schedule as
our networks. The extent of reaction in their study
was determined by infared spectroscopy. How-
ever, it is usually difficult to accurately determine
the extent of reaction for the final few percentage
of reactive groups.'® Taking this into account, Wi-
sanrakkit and Gillham™ proposed using the glass
transition temperature to monitor the extent of
reaction because it is extremely sensitive to the
network structure changes occurring in the final
stages of the curing process. Wisanrakkit and Gill-
ham'* showed that when the glass transition tem-
perature did not change with an increase in post-
cure time or postcure temperature that the reac-
tion had reached full conversion. In their study,
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a diglycidyl ether of bisphenol A epoxy resin was
reacted with a commercial aromatic curing agent.
Because aliphatic amines are in general more re-
active than aromatic amines'® and it was found
experimentally that the glass transition tempera-
ture of our networks did not change with an in-
crease in postcure time and postcure temperature,
the assumption of full conversion seems reason-
able.

Making use of our findings, the average molec-
ular weight per crosslink (M,.) was calculated for
the networks constructed with EDA, MEDA, and
DMEDA by using the following equation:

M :+f (1)

where M, is the epoxide equivalent weight of the
resin, fis the functionality of the amine, M,is the
molecular weight of the fth functional amine, and
¢ris the mol fraction of amine hydrogens provided
by the fth functional amine. By definition the
crosslink density is inversely proportional to M,,..
The crosslink density can alternatively be defined
in terms of the mol fraction of the monomer units,
which act as crosslinks. Equation (2) was used to
evaluate the molar crosslink density (X,,).

= O
s =L
=3 f

1 = P\
— + E_/
(2 f—Zf)

The average molecular weight between cross-
links (M,) was calculated by determining the av-
erage crosslink functionality (f..,) and the aver-
age molecular weight per crosslink (M,.).

X, = (2)

2, ¥
fcav = ‘f—@ (3)
2 (%)
r=3 \ f
M, = fiM (4)

These network parameters were calculated such
that the theories describing the increase in T, due
to crosslinking could be evaluated for networks con-
structed with EDA, MEDA, and DMEDA.
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Figure 2 The variation in T}, as a function of 1/M,
for networks constructed with the tetrafunctional cross-
links and trifunctional crosslinks as determined by
DSC.

Effects of Crosslinking on the Glass Transition
Temperature

In Figure 2, T,, is plotted against 1/M, for net-
works comprised of tetrafunctional crosslinks,
EDA, and networks comprised of trifunctional
crosslinks, MEDA. Both networks show an in-
crease in Ty, as M. decreases. However, the rate of
increase is greater for tetrafunctional crosslinked
networks than trifunctional crosslinked net-
works. The apparent linear behavior was first de-
scribed in a semiempirical fashion by Fox and Lo-
shaek.* A more recent theory by Banks and Ellis®
also proposes a linear relationship based on the
addition and redistribution of network free vol-
ume. In this model, 7%, is described by the follow-
ing equation:

(5)

where ( is proportional to the molecular weight
of the unreacted resin and to the ratio of incre-
mental free volume contributions from the resin
and the curing agent.'” Linear regression of the
data in Figure 2 can be found in Table II. In terms
of the network free-volume theory, tetrafunc-
tional crosslinks would have less incremental free
volume than trifunctional crosslinks. The value of
{ obtained for the tetrafunctional networks is
close to the often-cited value by Neilsen'® of 39 kg
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Table II Linear Regression Results for T, Data Using Network Free Volume Theory

feav ¢ (DSC) T,.. (DSC) ¢ (DMTA) T,.. (DMTA)
3 24 kg K/mol 315 K 21 kg K/mol 324 K
4 40 kg K/mol 311 K 41 kg K/mol 315 K
K/mol. The similar values in T.. shown in Table II X
for our trifunctional networks and tetrafunctional 1-X,

networks support our claim that amine function-
ality is not affecting the linear polymer backbone.
Although the network free-volume theory is effec-
tive in analyzing the data, it contains many pa-
rameters that cannot be evaluated experimen-
tally.

Another theory used to describe the effect of
crosslinking on the glass transition temperature
of a polymer network was proposed by DiBene-
detto.® In this theory, based on the principle of
cooresponding states, T, is described by the fol-
lowing equation:

Ty = Tee _ )Xo

6
T,. 1-X, (6)

where £ is a universal constant, and X,, is the
molar crosslink density.'® In Figure 3, T, is plot-
ted against
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Figure 3 The variation of T, as a function of X,/
(1 — X,,) for networks constructed with tetrafunctional
crosslinks and trifunctional crosslinks as determined

by DSC.

for the same network systems used for Figure 2.
Linear regression results of the data in Figure 3
can be found in Table III. The k£ value for the
tetrafunctional networks seems reasonable when
compared with the data of Stutz et al.,'® which
report & ranging from 0.636 to 0.925 for a variety
of network polymers ranging from crosslinked ep-
oxies to natural rubber. However, the value of %
for the trifunctional networks falls well below this
range.

Neither theory seems to have the ability to
quantitatively account for the effect of crosslink
functionality on T,,. An attempt to accommodate
crosslink functionality was made by Stutz et al.*®
Implicit in their approach, is that T, is affected
by crosslink functionality in the same manner as
described by the theory of phantom networks with
crosslink mobility.!” However, Stutz et al. could
not test their networks in the rubbery regime to
validate their model because their networks were
only partially reacted. Another limitation to
studying partially reacted networks is the fact
that a distribution of crosslink functionality has
to be assumed as opposed to our networks in
which the crosslink functionality is prescribed.

Dynamic and Static Mechanical Properties

Dynamic mechanical thermal analysis performed
on our networks also gives experimental evidence
for the relationship of network architecture on
T,.. In Figures 4 and 5, log tan 6 vs. temperature
for the networks are plotted. The primary («) re-
laxation, which is identified with long-range seg-
mental motion, is affected by the crosslink density
and crosslink functionality of the network. Taking
the « peak as T,,, similar plots to those of Figures
2 and 3 can be made. The linear regression results
of these data are shown in Table II and Table
III for the network free volume theory and the
corresponding states theory, respectively. Differ-
ences in the DSC T, data and the DMTA T, data
are the result of differences in the definitions of
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Table III Linear Regression Results for T, Data Using Corresponding States Theory

feav k (DSC) T.. (DSC) k (DMTA) T,.. (DMTA)
3 0.23 329 K 0.21 334 K
4 0.57 328 K 0.57 331 K

the glass transition temperature and measure-
ment methods. The secondary () relaxation,
which is identified with localized motions of chain
segments or side chains, does not seem to be sig-
nificantly affected by changes in M, or crosslink
functionality. The S transition for all networks
occurred near 235 K and has been attributed to
the glyceryl group in the network structure.'®'?

In Figures 6 and 7, the log of the storage modu-
lus (E') vs. temperature for the networks are plot-
ted. In both plots, M. and crosslink functionality
display little effect on the glassy modulus. How-
ever, these structural variables influence the
glass transition temperature of these networks.
Quantitative analysis of the rubbery regime of the
DMTA data was limited by poor gripping of the
samples above T,,, but it can be seen in Figure 6
that crosslink density effects the rubber moduli
of these networks.

To obtain better rubber moduli data for all the
networks, static compression tests were per-
formed on the networks 20 K above their glass
transition temperature. The theory of rubber elas-

log (tan &)
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Figure 4 Log(tan 6) as a function of temperature for
tetrafunctional crosslinked networks. M. (g/mol)
= 380, 430, 490, 570, 670, 820, 1040, and 1400.

ticity provides the following relationship for an
ideal network in compression:

0%  _ PR
T — 1N ° M, (7

where o, is the nominal compressive stress, R is
the gas constant, T is temperature, p is the poly-
mer density, \ is the compressive ratio, and g is
factor that depends on crosslink mobility.'” In net-
works where fluctuations of crosslinks occur, g =
(feav — 2)/ foay.2%?! In networks where crosslink
fluctuations are suppressed, g = 1. Figures 8 and
9 are plots of —o./T vs. —(\ — 1/\?) for tetrafunc-
tional crosslinked networks and trifunctional
crosslinked networks, respectively. For a given
compression ratio, the compressive stress in-
creases with a decrease in M,. In Figure 10, we
present two plots; Figure 10(A) shows the rela-
tionship of the average value of o./T(X — 1/\?)
determined experimentally for each network vs.
g/M., with g = 1, and Figure 10(B) presents the
same data with g = (fioy — 2)/f.ay. Because the

-
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Figure 5 Log(tan 6) as a function of temperature for
trifunctional crosslinked networks. M. (g/mol) = 440,
490, 550, 630, 750, 920, and 1220.



GLASS TRANSITION TEMPERATURE OF EPOXY RESINS 393

10IIIIIIIIIIIIIIIIIIIIIIIIIII

log (E)

- Increasing M,

6|||||1||||||||||||||||||||1
200 250 300 350 400 450

T (K)

Figure 6 Log (E’) as a function of temperature for
tetrafunctional crosslinked networks. M, (g/mol)
= 380, 430, 490, 570, 670, 820, 1040, and 1400.

densities of the materials were similar in the rub-
bery state, the data in Figure 10 indicate that
fluctuations of the crosslinks are allowed in these
networks.

Incorporation of Crosslink Functionality
into the Theories Predicting T,,

The experimental evidence also suggests that the
entropic factors that control rubber elasticity also
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Figure 7 Log (E’) as a function of temperature for

trifunctional crosslinked networks. M, (g/mol) = 440,
490, 550, 630, 750, 920, and 1220.
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Figure 8 —o./T elevated at T, + 20 Kvs. —(\ — 1/
\?%) for networks comprised of tetrafunctional cross-
links. M, (g/mol) = 380, 430, 490, 570, 670, 820, 1040,
and 1400.

control T,.. Consequently, the two theories de-
scribing the effect of M. on T, can be modified to
account for crosslink functionality. Using a tetra-
functional crosslinked network as a basis, the the-
ory based on network free volume can be ex-
pressed as follows:

20 r————————————————
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Figure 9 —o./T elevated at T, + 20 Kvs. —(\ — 1/
\?%) for networks comprised of trifunctional crosslinks.
M, (g/mol) = 440, 490, 550, 630, 750, 920, and 1220.
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(8)

where the physical interpretation of { in eq. (5)
has been altered with the free-volume contribu-
tion of crosslink functionality now being directly
addressed. Figure 11 shows the result of applying

425||||||||||||||||n1|||||||||||
= @ Tetrafunctional Crosslinks e -
- O  Trifunctional Crosslinks ]
400 — —
g - —
% 375 — —
H - —
350 — —
3251111|111111111]111111111|1|1|
0.0 0.5 1.0 15 2.0 25 3.0

(£ -2)f

cav cav

* 2/M, (molkg)

Figure 11 The variation in Ty, as a function of (f..
— 2)/f %, 2/M_ for networks construction with tetra-
functional crosslinks and trifucntional crosslinks as de-
termined by DSC.

eq. (8) to the data. Linear regression of the data
in Figure 11 results in { = 39 kg K/mol and T,..
= 311 K. In a similar fashion, the theory based
on the principle of corresponding states can be
modified by normalizing X,, (X,.;). Again, using
a tetrafunctional crosslink as the basis, X,,, can
be expressed as:

ﬁ:av

me: (7 - 1>Xm (9)

Figure 12 shows the results of using X, to
apply eq. (6) to the data. Linear regression of the
data in Figure 12 resultsin 2 = 0.58 and T,.. = 328
K. Both Figures 11 and 12 show collapse of the
tetrafunctional networks and trifunctional net-
works onto one single curve with reasonable val-
ues of { and % for the two models when compared
with the literature.

SUMMARY AND CONCLUSIONS

Network polymers were constructed with Epon
825, EDA, MEDA, and DMEDA. The observation
that the glass transition temperature of these net-
works did not change with an increase in postcure
time or postcure temperature supported our claim
that full conversion was achieved. Making use of
this evidence, key network parameters were cal-
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Figure 12 The variation in T}, as a function of X,//(1
— X.,uy) for networks constructed with tetrafunctional
crosslinks and trifunctional crosslinks as determined
by DSC.

culated. This approach allowed the molecular
weight between crosslinks and crosslink function-
ality to be controlled independent of the network
backbone chain stiffness.

The glass transition temperature of the net-
works was found to increase when M, decreased.
The rate of increase was greater for networks with
tetrafunctional crosslinks than networks with tri-
functional crosslinks. Two models, one based on
network free volume and the other based on the
principle of corresponding states, were able to pre-
dict the effect of changing M, on T,,. However,
neither model could quantitatively account for the
effect of crosslink functionality.

Dynamic mechanical thermal analysis of the
networks showed that the glassy state, including
a well known [ relaxation, was independent of M,
and crosslink functionality, while the glass transi-
tion was dependent on M, and crosslink function-
ality. Static compressive tests performed above T,
on our crosslinked resins allowed for a quantita-
tive description of the network structure. The rub-
bery modulus of our networks could be described
by the theory of phantom networks in which the
crosslinks are free to fluctuate. This particular

model of rubber elasticity takes into account the
effect of crosslink functionality. Finally, incorpo-
ration of this effect into the two glass transition
temperature models allowed for a quantitative
prediction of T, as a function of M, and crosslink
functionality.
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