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ABSTRACT: Sol fraction and equilibrium photoelastic and dynamic mechanical behavior
of epoxide networks based on bisphenol A diglycidyl ether (DGEBA) and poly(oxypro-
pylene diamine) (Jeffamine® D-400) with four initial molar ratios of epoxy (E) and
amine (A) groups, ry = [El,/(2[Al,) = 1.2, 1.5, 2.0, and 2.3 were investigated.
Networks with different extents of total epoxy group conversions (including etherifica-
tion), ay, were prepared for each r; value. Both the ratio r; and the conversion aj
affected the value of the equilibrium modulus, GG, and the weight fraction of the gel, w,.
As expected, decreasing the r ratio (at constant a) and increasing ay (at constant r,)
were accompanied by an increase in the modulus, G, and gel fraction, w,. The stress
optical coefficient, C, is independent of «j decreasing with increasing rz. The frequency—
temperature superposition could be performed for all networks; the temperature de-
pendence of the horizontal shift factor, a,,, satisfied the WLF equation. The temper-
ature and time positions of viscoelastic functions predominantly depend on the overall
concentration of elastically active network chains v,, regardless of the values of 5 and
ag. While the shape of viscoelastic functions at the beginning of the main transition
region depended on the detailed structure of the chain (number and length of pendant
chains), the shape at the end of the transition was determined mainly by the concen-
tration of elastically active network chains. An unexpected universal increase was
found in the half-width of the maximum in the dependence of the superimposed loss
compliance, J,, on reduced frequency wa, with increasing crosslinking density. © 1999
John Wiley & Sons, Inc. J Appl Polym Sci 74: 2877-2885, 1999

Key words: polyetherification; photoelasticity; sol fraction; epoxide networks; vis-
coelasticity

INTRODUCTION

Mechanical properties of crosslinked epoxide res-
ins have been widely studied.!”® Simple cross-
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linked epoxide—amine systems have also been
used for testing of network formation and rubber
elasticity theories.?®%1° Flexible epoxide—amine
networks were prepared from diglycidyl ether of
bisphenol A (DGEBA) and poly(oxypropylene dia-
mine) or -triamine) (Jeffamine).!*! Also some
off-stoichiometric networks from DGEBA and
4,4'-diaminodiphenylmethane (DDM) are flexible
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at room or somewhat elevated temperature.*%1°

The buildup process and network structure pre-
pared with amine groups in excess can be de-
scribed by the theory of branching processes if the
difference in reactivities of primary and second-
ary amino groups is taken into account.®™® It has
been found®®!! that the frequency and tempera-
ture positions of viscoelastic mechanical functions
predominantly depend on crosslinking density.
The shape of dynamic mechanical functions is
dependent on the structure of elastically active
network chains (EANCs),!' particularly on
whether the EANCs are smooth or have dangling
chains. These conclusions follow from the studies
of the poly(oxypropylene diamine)-DGEBA sys-
tem prepared with an excess of amine groups.'?

Stoichiometric epoxide—amine networks and
networks with excess amino groups at complete
reaction of epoxide groups do not undergo any
further reaction, at least below 180°C. If epoxide
groups are in excess, etherification by the ring-
opening reaction induced by the OH groups of the
formed amino alcohol can interfere 21117182
Crosslinking by etherification is also important in
practice. The reaction mechanism of the epoxide—
amine addition and subsequent etherification was
originally considered as an initiated stepwise
polyaddition in which the OH group was reformed
in each step. However, the mechanism has been
found to be much more complex (see for example
Ref. 16); the addition of epoxide groups proceeds
by several paths; the control by chain transfer
accompanied by reinitiation is the most impor-
tant. As a result, the polyether sequences are
rather short.

For aliphatic and aromatic polyamines, the
amine—epoxide reaction is, as a rule, much faster
than etherification released by aminoalcohols.
This is manifested by both primary amine hydro-
gens reacting first and completely; only then does
etherification start.'®c However, in the case of
poly(ether amine)s the situation is different: (1)
the reactivity of amino end groups in the reaction
with epoxide groups is lower in comparison with
that of aliphatic and aromatic amines due to the
presence of donor—acceptor ether groups of the
poly(oxypropylene)'®; (2) also the substitution ef-
fect in the amino group expressed by the ratio of
reactivity of secondary amino groups to that of
primary amino groups is more negative. As a re-
sult, etherification starts before all amine hydro-
gens have reacted.

In our previous paper,'! we studied mechanical
behavior of epoxide networks prepared from

poly(oxypropylene diamine) and DGEBA with an
excess of amino groups; the conversion of epoxide
groups in these networks was almost complete.
This contribution is focused on systems in which
epoxide groups are in excess, and ether bonds are
formed in addition to C—N bonds in the reaction
of epoxide with amine. The effect of etherification
on sol fraction and equilibrium and dynamic me-
chanical as well as photoelastic behavior is exam-
ined.

MATERIALS AND METHODS

Sample preparation: The networks were pre-
pared from diglycidyl ether of bisphenol A
(DGEBA, epoxy equivalent vy, = 175.4 g/mol ep-
oxy, number-average molar mass M, = 350
g/mol, number-average functionality f,, = 2) and
poly(oxypropylene diamine) (Jeffamine® D-400,
va = 106.4 g/mol H, M,, = 370 g/mol, f,, = 3.75).
Four series of networks were prepared with var-
ious constant ratios of the initial epoxide (E) and
amino (NH,) groups, rz = [E]/(2[NH,],) = 1.2,
1.5, 2.0, and 2.3, and with varying extents of total
epoxy groups conversion, ay (Table I). The curing
proceeded at T, = 150°C for various reaction
times, t,, in the range 0 to 50 days in 10 X 10
X 0.1 cm?® hydrophobized glass molds. The proce-
dures used in the purification and characteriza-
tion of starting compounds have been described
earlier.'®

The overall conversion of epoxide groups, ag, is
given by

ag = ([E]lo — [ED/[E], (D

where [E], and [E] are initial and actual concen-
trations of epoxide groups, respectively. The con-
centration of unreacted epoxide groups, [E], was
determined by near-infrared spectrometry using
the band at 4,530 cm ™! (the molar absorption
coefficient, ¢ = 1.2, is independent of the concen-
tration of epoxide groups?).

Photoelastic measurements: Photoelastic charac-
teristics were measured with the earlier-de-
scribed apparatus,?! in which both the force re-
laxation, f(¢), and the optical retardation relax-
ation, 6(¢) (and thus also the birefringence
relaxation, An(t) = Ay,8(¢)/2, where d is the de-
formed thickness of the sample, and A, = 546.1
nm is the wavelength of the light), could be re-
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Table I Extraction, Equilibrium Photoelastic, and Dynamic Mechanical Characteristics

G cx10* T, cSP log G7, ht log J", log h? log o,
ag w, MPa MPa ! °C c$® °C MPa °C  MPa ' (rads™') (rads™
rg =12
0.876  0.042 1.92 19.7 35 8.68 79.8 2.22 11.2 -0.96 1.6 2.0
0.921  0.028 2.81 19.2 38 11.20 78.6 2.16 11.0 -0.96 1.8 1.8
0.954 0.021 3.04 19.1 47 11.18 68.1 2.15 11.0 -1.10 1.7 1.2
0.955  0.020 3.25 19.2 — — — — — — — —
0986 0.011 4.04 19.8 51 10.83 64.8 2.11 11.2 —1.24 2.1 0.6
rg = 1.5
0.710  0.156 0.68 18.0 25 7.75 63.1 2.30 12.0 0.55 1.7 1.8
0.733  0.137 1.03 18.2 — — — — — — — —
0.825 0.074 2.17 184 38 10.60 78.2 2.20 12.4 0.70 1.9 1.5
0.845 0.064 2.48 19.6 44 10.50 71.6 2.19 13.2 —1.08 2.0 1.2
0916  0.047 3.84 18.9 52 11.13 93.9 2.14 134 —1.20 2.2 0.0
1.000 0.040 4.20 18.6 — — — — — — — —
rg = 2.0
0.530 0.570 0.04 17.7 16 7.69  102.7 2.34 10.0 0.10 0.8 3.6
0.591 0.482 0.14 17.0 17 6.44 100.4 2.30 12.0 —0.02 1.3 3.1
0.680  0.260 0.79 16.4 26 7.32 91.6 2.27 13.6 -0.84 1.7 2.0
0.707  0.200 1.27 17.5 32 8.27 83.4 2.25 13.6 —1.00 2.0 -0.2
0.819 0.130 2.53 18.2 50 9.98 66.6 2.16 15.5 —1.10 2.2 -0.8
0.913  0.060 4.09 17.8 60 10.24 67.6 2.13 17.2 -1.20 2.3 -1.6
0.972  0.057 3.83 16.9 65 10.80 65.0 2.10 17.8 —-1.36 2.4 -1.7
1.000  0.050 4.17 18.8 — — — — — — — —
rg = 2.3
0.613 0.214 0.51 15.9 24 8.46 91.7 8.25 15.2 0.70 14 2.65
0.698 0.120 1.66 15.5 35 8.97 76.9 8.23 17.0 —1.20 1.6 1.30
0.862  0.052 4.20 16.5 57 13.09 61.2 8.11 18.2 —1.30 2.0 —1.50
0.980 0.065 5.20 16.0 — — — — — — — —

corded. The measurements were performed with
dry, unextracted rectangular samples (5 X 1
% 0.1 cm?®) at temperature T = 107°C in nitrogen
atmosphere. Strain dependence of stress, o = f/A
(where A is the deformed cross section of the
sample) and of birefringence An at various elon-
gations A (1 < A < 1.1, usually 10 A values) after
60 s of relaxation at each A were determined. This
time was sufficient for the achievement of equi-
librium force value for all samples. From these
measurements, the initial modulus, G, the defor-
mation—optical function, A, and the stress—opti-
cal coefficient, C = A/G, were determined using
the following relations?%%:

oc=G(A*— A (2)
An =A(A*—ATY) 3)
Dynamic mechanical measurements: The dy-

namic mechanical behavior was characterized us-

ing a Rheometrics SYS-4 apparatus on rectangu-
lar samples (5 X 1 X 0.1 cm?®) in a nitrogen atmo-
sphere. The real, G’, and imaginary, G”,
components of the complex shear modulus, G*
(=G'" + iG") or real, J’, and imaginary, J", com-
ponents of the complex shear compliance, J* (=’
— 1J") and of the loss tangent, tg 6 (=G"/G’
= J"/J"), were determined in the temperature
interval between —50 and 100°C and at the an-
gular rate, w, which varied from 102 to 10 rad/s.
From the temperature dependence of the loss
modulus, G", measured at frequency f = /2w
= 1 Hz, the temperature of the maximum, T,
the height of the maximum, G7,, and half-width
of the maximum (width in °C at the half-height of
the maximum), 2!, were determined.

Using the frequency—temperature superposi-
tion, the superimposed curves of both components
of the modulus, G, = G'by and G}, = G"b, or
compliance, J,, = J'/by and J;, = J"/by, were
obtained in dependence on reduced angular rate,
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Figure 1 A measured dependence of the conversion of epoxide groups, aj, and sol
fraction, w, on the curing time ¢, for r; = 2 (of, denotes the gel point conversion).

war,, shifted to reference temperature 7', = 65°C
of individual networks. The horizontal shift fac-
tor, a, was obtained mainly from the superposi-
tion of the loss angle tangent £g 6 (since no vertical
shift for loss angle tangent is necessary, tg9d,
= tgd), and vertical shift b, was derived mainly
from superposition of loss compliance <J".

Extraction of networks: The networks were ex-
tracted with a large excess of dioxane. After re-
peated extraction, the samples were dried in a
vacuum box at 50°C to constant weight. The
weight fractions of sol, w,, and gel, w, = 1 — w,,
were determined from the weight of samples be-
fore and after the extraction (Table I).

RESULTS AND DISCUSSION

Sol Fraction and Equilibrium Behavior

An example of the observed increase in the con-
version of epoxy groups, ag, and the decrease in
the sol fraction, w,, with curing time, ¢, is shown
in Figure 1 for ratio r; = 2.3. Although for short
times, ¢, = 30 h, the system is soluble, for longer
times, the insoluble gel fraction w, = 1 — w, can
be found. As expected, with increasing ¢, both oy
and w, values increase. It is interesting to note
that at full conversion of epoxy groups, ~ 5 wt %
of the sol is still present in the network. From
Figure 1, the gel point conversion, of = 0.44,
could also be determined. For the other three
series, the values of, = 0.8, 0.64, and 0.52 were
found for r; = 1.2, 1.5, and 2, respectively. It is

also of interest that the theoretical values, (a%),
= 0.39, 0.42, 0.49, and 0.56, are predicted for ry
= 2.3, 2, 1.5, and 1.2, respectively, using the
theory proposed earlier,'®® with consideration of
the substitution effect in amino group (reactivity
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Figure 2 Dependence of the weight fraction of sol,
w,, on the conversion of epoxide groups, ay, for sam-
ples of different r; values (the arrows show the gel
point conversions).
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ratios of hydrogens in primary and secondary
amino groups, ko/2k; = 0.2). As af, values are
always higher than (a%), values, chain transfer
reactions accompanied by reinitiation control the
etherification from the beginning.

As expected, with increasing epoxy groups con-
version, ay, the sol content, w,, decreases for all
network series (Figure 2). In all network series,
for ay — 1, nonzero values of sol fractions were
found (Table I). Such an unusual finding is in
agreement with the complex reaction mechanism
of the etherification reaction.'®

With increasing oy, the moduli values G of
individual series increase (Table I). The differ-
ence between curves for different ry at constant
ap — 1 is not large since ay is a measure of the
number of bonds per epoxide unit. The stress—
optical coefficient C is practically independent of
ag in individual network series (Table I). On the
other hand, C decreases with increasing excess of
epoxy component, which suggests a higher posi-
tive contribution of Jeffamine® D-400 to birefrin-
gence as compared with the contribution of
DGEBA. Similar results were found for epoxy
networks based on DGEBA and 4,4'-diaminodi-
phenylmethane.*

Assuming that the sol and gel densities are the
same and that sol acts as a diluent for the net-
work, it is possible, from the values of the moduli
G, to calculate the experimental concentration of
elastically active network chains (EANCs), v,, as-

T T

JEFF D-400/DGEBA

-3

log v,
(mol cm®)

-4

Figure 3 Dependence of the concentration of elastically
active network chains, v,, on the conversion of epoxide
groups, az. (The gel point conversions, of;,, are shown by
arrows at the az axis; — > denotes the v, value for a fully

cured stoichiometric network with r = 1.)

I
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Figure 4 An example of measured temperature de-
pendences of the real, G’, and the loss, G”, moduli for
networks with r, = 2.

suming the validity of the constrained junction
model

v, = G/(w,RT) (4)

where R is the gas constant and the temperature
of measurement 7' = 380 K. Figure 3 shows the
dependence of v, on ag for individual network
series. It is interesting to note that in the region
ag > 0.95, the v, values of all series approach the
value for the fully cured stoichiometric Jeffamine
D-400-DGEBA network'! with r; = 1 (v, = 1.5
x 1072 mol em™?).

Dynamic Mechanical Behavior
Temperature Dependences

An example of the effect of the extent of epoxy
reaction on the temperature dependence of the
storage, G', and the loss, G”, moduli (measured at
1 Hz) of samples with r; = 2 is given in Figure 4.
With increasing a, both components of the mod-
ulus are shifted to higher temperatures. The
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Figure 5 Dependence of the temperature of the max-
ima, T,,, (from the dependence of G” on T) on the
EANC concentration, v,.

shape of the log G' versus T dependence in the
main transition region varies little; in accord with
this finding, only a small increase in the half-
width A, (determined from the dependence of log
G" on T, Fig. 4, Table I) with increasing ay was
found. As expected, the G’ values in the rubber-
like region increase quickly with increasing oy,
thus indicating an increase in the concentration
of EANCs, v,, in the system. Similar results were
obtained for three other network series with con-
stant ratios ry = 1.2, 1.5, and 2.3.

With an increasing extent of epoxy reaction,
the T, values (T, is the maximum temperature
of the G” — T dependence, which corresponds to
the glass transition temperature 7, = T, + 10—
15°C, Fig. 4) increase in the individual network
series (Table I). From Figure 5, in which the de-
pendence of T',, on the concentration of EANCs,
v,, is shown, it can be seen that an universal
dependence of T, on v, for all networks is found.
This result means that the temperature position
of the main transition region is predominantly
affected by the concentration of EANCs irrespec-
tive of the composition ratio r5 and the extent of
etherification.

The temperature dependences of the horizontal
shift factors, log a,, of all networks are ade-
quately described by the WLF equation®®

log ar(T) = —c{(T = Tol/(c; + T —To)  (5)

where T, = 65°C is the reference temperature
(Table I). From the constants c{ and c9, the free-

volume characteristics, the fractional free volume
£°(=1/(2.3 ¢?) and the thermal expansion coeffi-
cient of the free volume ad=1/(2.3 c{c3)), were
calculated (Fig. 6). While the «, values vary
within the experimental error and are indepen-
dent of v,, the fractional free volumes f° decrease
with increasing EANC concentration. The de-
crease in £° is mainly due to the observed shift of
the main transition region to higher tempera-
tures with increasing v, (see Figs. 4 and 5); the
calculated value of fractional free volume at T,,,
f™ is practically constant (f™ = 0.03) for all
samples (Fig. 6). Since T, is related to the glass
transition temperature, it can be expected that
the fractional free volume at T, /¥, would be
lower by ~ 20% than f™ (a, values remain unaf-
fected) and approach the universal value®® (f¢
~ 0.025).

A
006 |- -
f65° O QC]\.
0-04 |- 0 -
Q
oL JEFF D-400/DGEBA |
00z e 20 &
150 23 0
004 |-

£ — Ssabed

002

[

o x10° 5 5 Ag @ &
-1 O [®)

| 1

log v, (mol )

Figure 6 Dependence of the fractional free volumes,
™, and £°, and of the coefficient of temperature ex-
pansion of the free volume, «,, on the EANC concen-
tration, v,.
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Frequency Dependences

The dependences of superimposed curves of the
loss compliance J, for T, = 65°C are shown in
Figures 7 and 8. In each series of networks, with
increasing ag, the loss curves J, are shifted to
lower frequencies. Close to the rubbery region
(low frequencies, Fig. 7), the dependences of J, on
reduced frequency wa pass through a maximum
for which the height J7,, its frequency position
®,, and the half-width 22 were determined (Table
I, Fig. 7). From Figures 7 and 8 it follows that
with increasing oy, the height of the maximum
of the loss compliance J), decreases and the
half-width A? increases. As the crosslinking
density in the system increases with increasing
ag (increasing extent of the etherification reac-
tion), this is an unusual observation. In most
network systems, opposite dependences are
usually found; for example, an increase in A®
was observed!'!?324 with decreasing EANC con-
centration as the length and complexity of the
chain between the crosslinks increases with de-
creasing v,.

An unexpected increase in both half-widths, A*
(obtained from maximum of G” on temperature)
and A* (from maximum of J” on wa;,) with in-

T T T T 1
W YT JEFF D-400/DGEBA
log J_ﬁ’ T,-65C
(MPG.) 1 ]
) -
-3 .
s:—ilQ
log Jp |
4
(MPa’) , | ]
-3 .

log wa, {rad/s)

Figure 7 Dependence of the superimposed reduced-
loss compliances, log JJ,, on the reduced frequency, log
wa ., for networks with r; = 1.2 and 1.5.

T T

I JEFF D-400/DGEBA
T, =65°C

" _1
log J‘[13
(MPG. )~2 I
-3

log waTd(rad/s)

Figure 8 Dependence of the superimposed reduced-
loss compliances, log JJ,, on the reduced frequency, log
wa, for networks with r = 2 and 2.3.

creasing EANC concentration, v,, is shown in Fig-
ure 9. The practically universal dependence of 22
on v, reveals that the shape of viscoelastic func-
tions at the end of the main transition region is
determined mainly by the concentration of
EANCs. On the other hand, the varying depen-
dences of A' on v, for individual series prepared
at various constant r; suggest that the shape of
mechanical functions at the beginning of the main
transition depends on the detailed structure of
the EANC chain; networks with the highest rj
values also showed the largest 2! values at con-
stant v,. We believe that a decisive role in in-
creasing h! value with r is played by the number
and length of pendant chains. An unexpected in-
crease in the half-widths 2* and 22 with increas-
ing v, was observed earlier® for networks pre-
pared from N,N,N',N’-tetraglycidyl-4,4'-diamin-
odiphenylmethane (TGDDM) and DDM. Similar
to previous papers,®?® we believe that the stiff-
ness of the chain increases with increasing v,,
which leads to a broadening of the free volume
distribution function and to an increase in the
half-widths with v,.

With increasing EANC concentration, v,, the
height of the maximum J”, (and thus®® also the
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height of retardation spectrum L,, = (2/m)J7,)
decreases (Fig. 10). The observed decrease is the
same for all samples, which suggests a decisive
effect of crosslinking density on the J 7, value. It is
interesting to note that the product J7,G is
roughly constant (changing from 0.1 to 0.25) and
independent of the composition 5 and the extent
of epoxy conversion ay. Various molecular theo-
ries of polymer networks?*?* predict a constant
value of J”,G (or L,,G), which can vary from 0.26
to 0.42 in dependence on the distribution of sub-
molecules in the chain (the broader the distribu-
tion, the lower the J’,G product). As expected,
the increasing crosslinking density shifts the
maximum of J” to lower frequencies, w,, at con-
stant temperature (Fig. 10, Table I). The depen-
dence of w,,, on v, is also independent of r; and «,
(Fig. 10).

The authors thank the grant agency of Charles Univer-
sity for support under Grant No. FYZ 46/1998 B and
the grant agency of the Academy of Sciences of the
Czech Republic (Grant No. A4050808).
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