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Abstract

The effect of thermal degradation on the mechanical behaviour ef a syslcm containing both
tetraglycidyl-4-4'-diaminodiphenylmethane (TGDDM) and a multifunctional novolac glycidyl
cther {EPN} resins, cured with 4.4’-diaminediphenylsulphone (DDS) has heen studied using dy-
namic mechanical analysis (DMA) and tensile tests. Different curing paths using the isothermal
time-temperature-transformation (TTT) diagram for this system were designed, obtaining ther-
moseiting materials with different conversions. The influences of the degree of cure and of the ag-
ing temperature were also studied. The reenits showed different trends in the dynamic mechanical
propertics and an increase in the stiffaess of the material with increasing aging time. Changes
were faster and morc intense with the higher temperature.
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Introduction

The ultimate criterion of the durability of a polymer component is the length of
time it continues to perform satisfactorily under service conditions. Aging tests arc
intended to accelerate those elements of the environment that are destructive 1o the
polymer. A commonly used accelerated test for oxidative stability is the air oven test.
The change in the mechanical propertics is measured on samples removed from the
oven at intervals until the specimen is decmed (0 have failed. The failure point ol
course depends on the purpose for which the polymer is intended [11.

Controlling degradation requires understanding of many different phenomena,
including the diverse chemical mechanisms underlying structural changes in macro-
molecules or the influcnee of polymer morphology. Finally, comes the difficulty of
understanding the relationship between the numerous changes in material composi-
tion that occur upon aging and the observed changes in the physical propertics
and/or failure mechanisms of interest for the material [2].

The thermosetting system of this work is a mixture of the epoxy prepolymers
tetraglycidyl-4,4’ -diaminodiphenylmethane (TGDDM). from Ciba-Geigy MY 720,
and a multifunctional novolac glycidy! ether resin (EPN), from Ciba-Geigy EPN
1138, cured with an aromatic amine hardener, the 4,4’-diaminodiphenylsulphone
(DDS), from Fluka Chemie.
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The cure kinetics and the construction of the isothermal time-temperature-trans-
formation (TTT) diagram, using DSC, as well as the kinetics of the thermal decom-
position of this system, using TG, have been reported in previous papers of our
group [3-5]. The aim of this article was to investigate the effect of thermal degrada-
tion on the mechanical and dynamic mechanical propertics and to get interrelations
between the structure and the behaviour of the system with the aid of the TTT dia-
gram. We have employed aging tests, dynamic mechanical anafysis (DMA), and me-
chanical techniques.

Experimental

Materials and curing schedules

All the components of the TGDDM/EPN/DDS epoxy system were commercial
products, and were used as received without purification, so the masses per epoxy
cquivalent for TGDDM and EP'N were determined in our laboratory |6]. The compo-
sition of the system to obtain rich in epoxy formulation was the same one as in the
previous works.

The thermoselting malerial was prepared by mixing the components at 120°C
with continuous mechanical stirring, until a homogencous liquid was obtained, and
then poured into a reclangular stainless steel mould of 250x350 mm, which was pre-
heated at the same temperature and placed into a foreed air convection oven, where
the curing schedules were linally applied.

In this way, we attained sheets of the material with slightly smaller dimensions
than of the mould duc to shrinkage, and about 4 mm thick. These sheets were prop-
erly mechanised to obtain the samples for the different Lests.

Tlhie knowledge of the cure kinetics and the TTT diagram were used to design
curing processes in order Lo obtain glassy solids which achieved different degrees of
conversion supplying a system with a range of variation in its properties {/].

Tabke 1 Curing paths and crosslinking of the material

Path Curing time and temperature T./°C MJg mol™!
1 2 hat 180°C 211 166
2 2 hat 160°C and 2 h at 220°C 251 163

In this work, two different curing paths were applicd. Table | summarises these
paths, and gives the values of the glass transition lemperatures, Ty, measured on the
maximum of tand peaks, and of the molecular mass hetween crosslinks, M, ob-
tained from a previous work [7], and caleulated according to the empirical relation-
ship by Niclsen |81

The material cured with the two-step-path 2 has reached a major conversion. near
=0.92, and higher crosslinks densitics than the one under path 1. Also, as a result
of the high temperature of cure, ctherification reactions became signtficant [3, 4].

We have aged the samples of the material with the cure path | at 200°C, a tem-
perature near Ty, and the samples of the material with the cure path 2 at 280°C, a
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temperature well above its 7. The selection of twe different temperatures and cures
will allow us to examine the influence of the temperature and the degree of cure on
the degradation behaviour of this system.

Dynamic mechanical tests

DMA measurements were made with a Perkin Elmer dynamic mechanical ana-
lyser serics 7 equipped with a liquid nitrogen-cooling accessory CCA7. The tem-
perature scan mode at a constant heating rate of 5°C min™' was used. A constant dy-
namic stress at the standard frequency of 1 Hz w1lh the three-point bending measur-
ing system, under a helium flow of 40 ¢em® min~™ was applied to the samples.

Stress strain tests

Tensile stress strain tests were performed using an Instron universal-testing ma-
chine 5566, according to the general specifications of ASTM D638M and ISO 527
[9, 10]. All tests were made at room temperature and at a crosshead speed previously
selected of 1 mm min™. The samples were M-I type and a minimum of five of them
was tesicd for each aging time, 'T'he data reported are averages of the tests.

Results and discussion

DMA tests

Figure | shows the tand curves and Fig. 2 the storage modulus E” for the material
cured following the path |, and with 0, 24, 96, and 240 h of aging time at 200°C.

In a similar w‘\y, Figs 3 and 4 show the curves for the material curcd with the path
Zalter0.0.5, 1,2, 12 and 724 h of thermal degradation at 280°C.

Figure 5 glvc% the values of the dynamic mechanical propertics and their vari-
ations with the degradation time at 200°C in row (a), and at 280°C in row (b), mea-
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Fig. 1 Plots of tand as a function of aging time at 200°C

L Therm. Anal. Cal., 56, 1999



1028 BARRAL et al.: EPOXY RESIN

w*

o Ll

Modulus (Ps)

Lol

W

r T Y T T T T T T y
s 1w 150 b0 2% 300
Temperature ("C)

Fig. 2 Plots of E' as a function of aging time at 200°C
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Fig. 3 Plots of tand as a function of aging time at 280°C

sured on the previous curves. The properties showed are Ty, the storage modulus in
the rubbery plateau region, Ef, and the maximum of tand.

The material with cure 1 showed a shift of the glass transition to higher tempera-
tures and an increase in E. values during the first 96 h of degradation, while tand
maxima were reduced. The length of the rubbery plateau decreased accordingly T
was approaching the temperature of the intense degradation of the material. TG re-
sults [5] exhibited the onset of the severe loss of mass near 330°C.

The trends observed in the T, E; and tand values can be explained in terms of a
reactivation of the curing reactions during the initial aging times, which caused a
further crosslinking and a decrease in the segmental mobility of the macromolecular
chains. Larger periods of aging times led to structural changes in the material, with
breakdown of crosslinking points and losses of dangling chains which diminished
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Fig. 5 Dynamic mechanical properties vs. aging time; row (a); 200°C; row (b): 280°C
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Fig. 6 Variation of the tensile properties vs. aging time; column (a): 200°C; column (b): 280°C

the effective crosslinks density and reduced T, and £/ values. The material uxposcd
to 280°C revealed important structural losses. It was observed a decreasing in the
crosslinks density and an increasing in the mobility of the chains in the glass transi-
tion region.

Tensile tests

The specimens were subjected to a similar thermal conditioning of 200 and
280°C for cach cure with different aging times,

Tensile properties such as tensile stress at break (o), percent elangation at break
(ey), tensile modulus (£) and tensile toughness, calculated as the area under the
stress strain curve and representing the tensile energy absorption were delermined.
No yicld points were observed, so the maximum tensile stress 18 the same as Gy.
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Figure 6 displays the trends of the average values of the tensile properties with
the increase of aging time at 200°C in column (a) and the results for the temperature
of 280°C in column (b).

These results revealed an increase in the stiffness of the material with the time of
degradation. A slight increase in the values of E was observed and oy, £, and tensile
loughness were reduced with increasing time. The loss of properties was progressive
for the degradation at 200°C, and faster and more intense for the degradation at
280°C, in a similar mode as dynamic mechanical properties had changed.

It can be noted the marked parallelism in the trends of oy, the toughness, and
gy showing the more brittle nature of this system with the thermal degradation.

The material obtained with the cure path | presents better values of the propertics
at break. The increase in the fragility of the material with a higher conversion, cure
2, may be due to the ctherification reactions arising {rom the cure at clevated tem-
peratures. The risc of T, because of chemical side reactions as etherification is not
desirable with respect to some properties of the material. Usually, epoxy polymers
bccome more brittle and with higher Young moduli due to ctherification reactions
[11]. This behaviour can be seen in the data obtained.

Conclusions

Thermal degradation changed the dynamic mechanical and the mechanical prop-
crtics of the TGDDM/EPN/DDS epoxy system. DMA (osts showed a decrease in T
and of the crosslinking denstty observed in the values ol E/. A reactivation of the cur-
ing rcactions was appreciated in the material with Iess conversion. Mechanical tests
revealed an increase in the stiffness with the time of degradation, with appreciable
losses in the tensile properties at break. All the changes were faster and more intense
with the higher aging temperature,

The material cured 2 h at [80°C presents better tensile propertics at break at any
aging time. Curing at a more elevated temperature, as in path 2, has increased T.and
the crosslinking density of the material, but has also arisen ctherification reactions
which have reduced some mechanical propertics of the system.
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