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Summary

The dynamic mechanical behaur of fully cured off-stoichimetric goxy sy$ems
prepared from poly(oxypropylenegmine (Jeff DB400) or -tramine (Jeff TF403) and
diglycidyl ether of Bisphenol A (DGEBA) with initial ratios of reactive amine (Nidnd
epoxide (E) groupsy, = (2[NH])/[E] ranging from 2.4 to 4.3 was investiged in the
gelation threshold regn. The evolution of the dwmic behawur of two stoichimetric
samples withr, = 1 with reaction timet, was also studied. The critical ratiésr gelation,

r; , of fully cured samples were determinédm extaction experimentsr{ = 2.54 for

Jeff D-400/DGEBA andr,; = 4.15 for Jeff T-403/DGEBA sysms, respectivg). For
both stoichiometric critical gel (CG) structures obtained by changing the curing ttinae
power-law rheological behawir (G ~ G' ~ w", G and G are the storage and loss
moduli, respectively,w is angular frequency and is a critical &ponent) with the loss
tangent, tand = G'/G' independent of frequency, was found. On the other hand, both CG
off-stoichiametric systems withr; ratios show a small dependence of @mon w, so that

the critical power-law behasur is not eactly obeyed. More complex CG structure in
these samples, formed due to differences in the structure growth process, was suggested
to account for vitation of the power-law behawir.

Introduction

During a crosslinking reaan, the number-average and the weight-averagdeaular
weights, M, and M, in the system increase and at the criticahversion (at the gel point,
GP), M, increases to infinity (1-3). In the pre-gelate the system is soluble while after
passing the GP, the insoluble gel fraoti w, with finite equilibrium nodulus, G, is
formed. The material at the GP, termed the critical gel (CG), is an intermediate state
between liquid and solid.

In the systems prepared by an alternating stepwise addition reaction of reactive end
groups, such as in epoxy #ms from polyamines and polymxides, two ways of
reaching the CG exisf4-6). Both ways follow from the GP eation valid for independent
reactivities of aminéydrogens and epoxy groups agactantg1-3)

of o (fon —D(fr —1)=1 (1)

where af and af are critical onversions of amine hydrogens and epoxy groups, and
f,, and f . are the reduced second moments of ciamality distribution (weight-
average functionalities) of polyamine and p@gride eactant, respectively.

The first, classical way of reaching the GP is an increaseonvegsion (increase in
reaction time,t) at a constant composition of the reacting system. The GP takes place at
critical conversion ofamine hydrogens,a,, or epoxy groupsaS (o - r, = a$, r, is the
initial molar ratio of amindwydrogens to epoxy groups in thetgys,r,, = (2[NH,])/[E]).

The second way of eaching the GP is the critical molar ratio (CMR) host,
consisting of finding such initial composition of the system at which the GP occurs just at
full conversion of minority eactive groups (3,4-7). If epoxy steams are prepared with an

" Corresponding author



466

excess of amindiydrogens 1, > 1), then the CG iseached at critical ratia}, , for which

from EqQ.(1) it follows
re =] (o 1) (fs -1) @)

Systems withr,, > r; are soluble and those with k r; contain both the sol and the gel.
While the change in anversion at constant comosn leads to reacting structures with
time, the CMR métod gives structally stable system@).

The dynamic mechanical behaur of CG structures odined by a change in
conversion have been extensively studied in literature (9-12). It was found that CG is
characterized by a power-law dependence of the sto@geand loss G" moduli on
frequency (10-12)

G(0) =G otan d=T(1 —n) cos 8 § &" ?3)

where S (Pa "s is the gel strength (specific material parametd(x) is the gamma
function, n is the critical &ponent and the phase angle = nr/2 is independent of
frequency. Equation (3) is iraccord with theatical expectationsfrom the perctation
theory (13) apled to dynamic of polymer clusters at the GP. Thepanentsn are widely
scattered and depend on chemical systems; the valdesm 0.2 to 0.9 can be found, in
the literature (8,12-14). As no universal valuem was experimentallyfound it was
suggested that thecaling failure is due to localpropeties which can depend on the
distance from the threshold. Moreover, our a@ymc mechanical measurements (8)
obtained on two off-stoichiometric polurethane systems preparedfom poly(oxy-
propylene)triols and a diisocyate, in which CG were obtained by CMR imad, have
shown a small frequency dependence of the loss tangent, so that the power-law behaviour
(Eq.(3)) was not eactly obeyed. On the other iy measurements of Rdrianantoandro
et al. (15) on imilar polyurethane CG systems prepared by a CMRhogkthave shown a
power-law behaviour.

In this paper we have studied the extraction @gdamic mechanical behawir of two
epoxy sytems based on pgloxypropylene)tamine or -triamine and diglycidyl ether of
Bisphenol A in the vicinity and at the GP threshold reached by the CMRothet~or
comparison, an evolution of viselastic behawur with raction time, t, for two
stoichiometric mixtures with, = 1 of both epoxy syems was also investigated.

Experimental

Sample Preparation. Two epoxy series were prepared from the diglycidyl ether of
Bisphenol A (DGEBA, epoxy equatent y. = 1754 g/mol epoxy,M = 350 g/mol and
number-average functionalityf . = 2 andf = 2) and poly(oxypropylenebainlne
(Jeffaminé’ D-400, y, =106.4 g/mol H,M, = 370 g/mol,f ,, = 3.75 andf = 3.87) with
initial molar ratios of amlnehydrogens to epox% (E) group (2[NH2])/[E] =
2.42 - 2.60, or poly(oxypropyleneigmine (Jeffamine D-403, y, = 78 g/mol H, M, =
427 g/mol,f , = 5.36 andf,, = 5.69) with the atiosr, = 3.95 - 4.30. The procedures
used in the puri€ation and' characterization of the startlng poomds were described
earlier (6). The eaction proceeded at 90 °Cfor 16 h in closed Teflon moulds.
Spectroscopic measurements revealed that mpoxye groups were present after the
reacton. Before rheolagal measurements, moulds were cooled down-30 °C and the
sheets(10 x 10 x 0.2 cm) were removed; samples 50, 30 and 10 mmameter were
used in the parallel-plate geometry measurements.

Dynamic Mechanical Measurements aitktraction. The measurements of the storage,
and loss,G", components of the complex shear modulGs,= G' + iG", of structurally
stable off-stoichimetric systems were carried out with RheometrR¥S-4 apparatus in
the parallel-plate geonmgt Strains betweeny = 0.2 and 0.001 were used (linear
viscoelastic behawur). The angular ates w varied from 16 to 10 rad §, and
temperatures changefiom -50 °C to 120 °C. Wk in the main transition and glassy
region, 10-mm thmeter plates were used, in thebbery and flow regions, 30- and 50-mm
diameters were employed.
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By applying the frequency-temperature sygostion, the superimposed curves @'

Gb, and G" = G"b, vs. reduced frequencya,, shifted to the reference temperaturge
30 °C, were obtained. Théorizontal shift faalr, a,, was obtained mainlyfrom the
superpogion of loss tangent (since tah) = tan ), while the vertical shifto, was obtained
from the superpdtson of G andG,".

The curing reaction of two stoichiometric samples was followed in a rheometer at
w =1 to 16 rad § with 50 mm diameter at reaction temperatdie= 60 °C. The shear
strains changed withw from y= 1 to 0.005 to avoid network breakdown. A series of
frequency sweeps (one run took 60 s) during cusagtion was measured.

The extraction was carried out with a large excess of toluene, xylene and
tetrehydrofuran at roomtemperaturefor several days. The polymers weréaged inside a
Teflon mesh sieve and immersed in a large excess of the solvent. After ertraitte
mesh with the extracted sample was drigdler reduced pressure at 60 °C and the weight
fraction of the gelw,, was determined.

Results and discussion

Extraction and Citical Mole Ratios of Reactive Gups The weight fraction of gelw, as

a function of the reactiveggroup a&tio r, in both structurally stable series is shown in
Fig. 1. As expected, with increasing, the gel fractionswy, decrease and the values of the
critical ratio of reactivegroups,r;, can be determined. While samples with < r;, are
networks, those withr, > r;, are soluble. Due to lower functionality of diamine, the
decrease in the weight fraction of gel,, wf D-400/DGEBA samples is ¢ated at lowerr,
values than that of T-403/DGEBA networks. Therefore, thiical r;, value found for
samples from D-400 is lower than that found for samples with T-403=(2.54 vs.r;, =
4.15). As follows from Eq.(2) expenental r; values are considerable lower than would
correspond to theetical expectations (ifa; = 1, thenr; should be 2.87 for D-400 and
4.69 for T-403 syem, respectivg). There are two possible expiions of lower
experimentalr;, values: (a) Eqg.(1) was derived for a ring-free case and it may be assumed
that some bonds at the GP are lost in intl@mdar cycles. From experimentg] values
and Eq.(2) the valuer;, = 0.94 can becalculated for both sygems. This means that
approxmately 6% of bonds wasted in cyes can explain the differencegb) In the
primary amino group there exists a difference @uaativity of the first and the second
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Fig. 1. Dependence of the weight fraction of the gel, wg, on the ratio of the reactive groups
ry (7 are the critical ratios for the gel point)
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hydrogen. Lower eactivity of the seand hydrogen (nemjive substitution effect) was
found ealier for amines used irour sysems (6); this fact means that linear structures are
preferred at the beginning of the reactiorfobe the GP. In such way both points (a) and
(b) lead to experimental, values lower than theoretically predicted ones.

Dynamic Mechanical Behaviour of Structurally Stable Systems Prepared by the CMR
Method For all samples of both series, the frequency-temperaturerpsggen could be
easily performed and the horizah shift factora. (T, satisfied the Williams-Landel-Ferry
(WLF) equation in the form (16)

log ar (T,) = (-112.3 f50)(T - T )fo/Bs + T - To) 4)
where f., is the fractional free volume af, = 30 °C and Ris the thermal expansion
coefficient of the free volume (Fig. 2).

As follows from Fig. 2, both free-volume aneters f,, and 3 are practically
independent of the molecular weight of Jeffamines and of rtheatio, and attain the
values found for other amorphous t&yms (16). As no abrupt changes in dependences of
these parameters an can be found at itrical ratios r;,, the GP has no specific effect on
the temperature dependence of the relaxation times. Similar results wedede earlier
(17) for poly(dmethylsiloxane) systems at the gelation threshold where an activation
energy of the zero shear viscosity independent of the distance from the GP was found.

An example of superimposed curves @f and G," moduli vs. the reduced frequency
wa, is shown in Fig. 3 for D-400/DGEBA samples. The shape andtiggosof the main
transition region (located at high frequencies) @a, are only slightly dependent on the
ratio r,. On the other hand, a large change in the shape ofGlheand G vs. wa,
dependence can be seen in the rubbery and flow regions (at lovagst Similar results
were obtainedior T-403/DGEBA sytem.

In Fig. 4, the superimposed loss tangent, &anvs. wa, dependences are shown for
both stable series. The frequency position of &ammaxima and their frequency shape are
practically independent of,. Large changes in tad, can be seen in the lowa, region.
While for all crosslinked samplesr, (< r,), tan d decreases with decreasinga, (solid-
like behaviour), for soluble samples, (> r;,) tan , increases with decreasinga, (liquid-
like behaviour). At the ame time in netark samples, non-zero atbrium storage
modulus G can be found by extrafagion (Fig. 3). Surprisingly, for both off- stoichio-
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Fig. 2. Dependence of the fractional free volume, f30, and of the free volume temperature
expansion coefficient, By on the ratio ry (ry; are the critical ratios for the gel point).
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Fig. 3. Dependence of the reduced storage, G,’, and loss, G,”, moduli on the reduced
frequency war for D-400 series with indicated ry values.

metric CG structures witlr;, values, a small increase in tdn with decreasingwa, can
be found in the lowest frequency region (Fig. 4). In the first appraion, we can write

tan 9, = (a)aT)'" (5)

where exponenm = -0.04 for D-400 andn = -0.05 for T-403 syem. Similar results were
found ealier for off-stoichianetric poljurethane CG systemg&). We can thus conclude
that the power-law behaviour (Eq. 3) with frequency-independent dtams not exactly
obeyed for CG epoxide structures prepared by the Gideod.

Dynamic Mechanical Behaviour of Reacting Systems with Stoichiometric . Ratio
Generally, stoichiometric mixtures show the earliest structured4ogil and gel fanation
along with the highest edibrium G, moduli andw, - 1 (most perfect netwks). An
example of the results obtained in curing of a stoichiometdidOIDGEBA mixture is
shown in Fig. 5; similar results were obtaindor D-400/DGEBA mixture. The dical
gelation times (the crossover of phase angl&/2 curves, Fig. 5c)t. = 509.4 min for
D-400 andt, = 497.4 min for T-403 were found.eRitively long glation times orrespond
to a slow crosslinking reaci. Figures 5a and 5b show the frequency dependences of
moduli and of the loss tangent at reaction times near the GP. As can be expectdd, tan
increases withw in the solid statet(> t) and decreases wittb in the liquid statet( < t);
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Fig. 4. Dependence of the reduced loss tangent, tan J,, on the reduced frequency war for
samples of both series prepared at indicated ry values.

at the critical time, tc, ta® is frequency-independent. The dependence of mo@uland
G" on w shows a power-law behaviour for the CGtatWhile bdore the GP, theG' value
decreases with decreasing, after GP it shows a rubberylapeau. The relaxation
exponentscalculatedfrom the phase angle (Fig. 5c¢) using Eq.(3) aree 0.67 for D-400
andn = 0.678 for T-403 CG structures. The mod@li and G" of CG structures were further
used for thecalculation of the gel strengthS CorrespondingS values calculatedrom
Fig. 5a and similar results obtainéar the D-400 CG syem areS = 1500 Pa "sfor D-400
and S = 2950 Pa "sfor T-403. In accord with previous results (8,12), the CG rheiglalg
parameters andSare not universal and depend on structure of initial reactants.

As was discussed previously (8), due to differences in the structure growth process the
weight-average molecular weight, Mand the polydispersity (VM _ value), in systems
formed by change in the, ratio in vicinity of the GP are higher than thoemed by an
increase in conversion at constant distance from the GP. Therefore, we @t exme
complex GP structures (more and longer dangling chains present on the londestleno
in off-stoichiametric systems than in stoichiometric ones. As it ksown (16,18),
viscoelastic propeties in the rubbery pateau and terminal zones are dominated by the
presence of topolacal constraints (entanglements), the molecular weight &hd its
distribution strongly influence the dgmic mechanical behamir. In such way more
complex GP structures in off-stoichi@tric systemsprobably account for vitation of the
power-law behaviour in theeasured frequency region.
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Fig. 5. Dependence of the moduli G’and G” (a) and of the loss tangent, tan & (b), on

frequency ®; (c) shows dependence of the ratio 28/% on the reaction time t, (stoichiometric
T-403/DGEBA sample).

Analysis of Storage Compliance Functions our previous paper (8), an interesting
frequency behaviour of the superimposed storagecompliance in therubbery and flow
regions was shown. The dependences]bfand J" compliances are shown in Fig. 6 for
both epoxy off-stoichimetric systems. For crosslinked samples with< r;, the limiting
equilibrium compllancesJ can be extrapolatefom the dta for wa, —» 0. For soluble
samples withr, > r;, the limiting stedy-gate complianceJ,, can be determined8,16).
As in the case of polyurethane systems, bgibxg CG samples with, show the highest
J' values with J; = J; -.o The same conclusions can be also dedufedn the
frequency dependences of the storage compliantedor both stoichimetric systems,
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where the highes' values at givernw and infinite extrapolated values df and J,' can
be observed for CG structures @at We believe that in particular the highekt values at
given wa, represent the criticatblynamic mechanical behaur of GP structures ¢dined
by the CMR method.
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