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E. U. P Ferrol, Departamento de Fı́sica, Universidad de A Coruña, Cra. de Aneiros s/n, 15405 Ferrol, Spain

Received 28 March 1996; accepted 8 September 1996

ABSTRACT: The effect of thermal degradation on the mechanical properties of a diglyci-
dyl ether of bisphenol A (DGEBA)/1,3-bisaminomethylcyclohexane (1,3-BAC) epoxy
system, cured with two different curing cycles—a short cycle and a long cycle—were
studied using tensile and Izod impact experiments and scanning electronic microscopy,
SEM, observations. From these experiments it can be noted a loss of mechanical proper-
ties of the material cured with both cycles with aging time, although the material cured
with the long cycle presents better properties at any aging time. This better behavior
can be explained from the time temperature transformation, TTT, diagram of this
system. A good correlation was observed between the decrease in the intensity of the
peak of b transition in tan d curve obtained by dynamic mechanical analysis, DMA,
and the decrease of the Izod impact strength when thermal aging is increasing. Also,
a good correlation can be found between the increase in the fragility of the material
with aging time and the morphology of fractured surfaces observed by SEM. q 1997
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INTRODUCTION number of time dependent phenomena. One of
these is the generic category of aging, which in-
cludes physical, chemical, and mechanical aging.The relative size of the market for epoxy resins

Thermal degradation is a kind of chemicalshows that they are important industrial poly-
aging. Chemical aging involves crosslinking reac-mers1.
tions. Because these reactions occur as a result ofAs a result of their superior mechanical proper-
the presence of unreacted species, they will con-ties, low shrinkage, and thermal stability, epoxy
tinue for a long time, continuously changing mate-resins are finding increasing use in a wide range

of engineering applications, many of which in- rial properties.2 These changes can be followed
volve high added value products. using different techniques. Recently, a consider-

The life of an epoxy resin is influenced by a able amount of research has been done on the
thermal degradation of epoxy resins because this
is a major problem in the application of these ma-
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samples of a polymer system are aged at an ele- min, and then poured into a rectangular mold to
obtain a homogeneous sheet of the material. Thevated temperature in nitrogen, air, or oxygen.

Changes in structure may be inferred from mixture was subjected to two different curing cy-
cles. A short cycle consists of 24 h at room temper-changes in physical properties such as tensile

modulus or elongation at break on aging.6 ature followed by 2 h at 1207C, and a long cycle
consists of 24 h at room temperature followed byIn previous works7,8 we have studied the ther-

mal degradation of the diglycidyl ether of bisphe- 8 h at 607C, and a postcure of 2 h at 1207C.
Then, from the cured material the samplesnol A/1,3-bisaminomethylcyclohexane (DGEBA/

1,3-BAC) epoxy system using dynamic mechani- were cut for the tensile and Izod impact tests,
according with their corresponding ASTM stan-cal analysis (DMA) and differential scanning cal-

orimetry (DSC). The objective of this work was dards. For the analysis of thermal degradation
the samples were aged in forced air convectionto analyze the effect of thermal degradation on the

mechanical properties of this system employing oven set at 1567C, a temperature above the maxi-
mum glass transition temperature, Tg` É 1507C,mechanical techniques (tensile and Izod impact

tests) , and fractography. determined for this epoxy system.11

Fractography is very useful to examine the
fracture surface of a failed component and to de-

Tensile and Izod Impact Teststermine the cause of failure, initiation site, direc-
tion of crack propagation, state of stress or loading Tensile properties were measured using a Lloyd
conditions, effect of environmental exposure, ma- Instruments testing machine (model L 6000 R)
terial defects, or processing deficiencies.9 according to low strain rate tensile testing

On the other hand, the different transforma- method as per ASTM D638.12 All tests were
tions observed during the cure of the DGEBA/1,3- made at room temperature and at a crosshead
BAC system may be condensed in a time tempera- speed of 5 mm/min.
ture transformation (TTT) diagram. This dia- The samples for the tensile measurements
gram is an useful tool for analyzing and designing were cut in the standard dumbbell shape. Some
curing processes of thermosetting systems. The samples were tested without degradation but the
diagram is based on the phenomenological greater part of them were tested after different
changes that take place during cure such as vitri- lengths of aging time.
fication and gelation. In this article we try to in- Izod impact tests were performed at room tem-
terpret the mechanical properties of this system perature in a JBA 16975 impacter using notched
with the aid of the TTT diagram. samples, according to ASTM D256 standard.13

Scanning Electronic Microscopy (SEM)
EXPERIMENTAL

Phase morphology of DGEBA/1,3-BAC samples
was examined using a JEOL JXA-6400 SEM com-Materials
puterized scanning electron microscope. The frac-

The epoxy resin used was a diglycidyl ether of ture surfaces of the samples undergoing failure
bisphenol A (DGEBA), Shell Epikote 828, with in tensile testing were used as specimens after
weight per epoxy equivalent, WPE Å 192.2 g/Eq coating with a thin layer of gold using a high vac-
as determined by hydrochlorination.10 The curing uum gold sputterer Balzers SCD 004.
agent was a cycloaliphatic diamine, 1,3-bisamino-
methylcyclohexane (1,3-BAC), from Mitsubishi
Gas Chem. Co., with molecular weight of 142.18 RESULTS
and manufacturer purity value of ú 99%. Both
components were commercial products, and they Tensile Tests
were used as received without purification. The
formulation used was 100 g DGEBA to 18.5 g Tensile properties such as tensile strength, per-

cent elongation at break, and tensile modulus1,3-BAC.
In order to allow the evacuation of air bubbles were measured with the above mentioned testing

machine.the epoxy prepolymer and the hardener were
stirred under vacuum at room temperature for 10 Five samples for each aging time were taken
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THERMAL DEGRADATION OF DGEBA/1,3-BAC 1843

Figure 1 Tensile properties vs. aging time for the material cured with the short cycle.

out of the oven and then tested. The data reported tested without degradation and with 24 and 240
h of aging time. Figure 2 shows the comparisonare averages of the five measurements.

The material cured with the short cycle was between the tensile properties for the two differ-
ent curing cycles. It is clearly observed from thistested without degradation and with 24, 96, 240,

and 5500 h of aging time. The values of tensile figure that the values of s and 1 decrease with
increasing aging time for the two curing cycles,strength, s, percent elongation at break, 1, and

tensile modulus, E , are shown respectively in Fig- although the material cured with the long cycle
shows higher values of s and 1 than the materialure 1(a), (b), and (c) , for the different aging

times. Figure 1(d) shows in the stress–strain cured with the short cycle for the same aging time.
The trend in the value of E is not clear but it isplane the break points, where the numbers below

each experimental point indicate hours of thermal appreciably higher than the value of E for the
material cured with the short cycle.degradation. It can be observed that the values of

s and 1 decrease with increasing aging time,
Izod Impact Testswhile no appreciable trend is observed for the

value of E . Ten samples for each aging time were taken out
of the oven and then tested. The data reportedThe material cured with the long cycle was
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Figure 2 Comparison of tensile properties vs. aging time for the material cured with
both cycles.

are averages of 10 measurements with their corre- with the long cycle presents a higher value of the
Izod impact strength than the material cured withsponding standard deviations.

The material cured with the long cycle was the short cycle for the same aging time.
tested without degradation and with 24, 240, and
4700 h of thermal degradation. Table I summa-
rizes the values obtained of the Izod impact Table I Izod Impact Strength for the Different
strength for the different aging times for this ma- Aging Times for the Material Cured with the
terial. Long Cycle

The material cured with the short cycle was
Time Izod Impact Strength Standard deviationtested without degradation and with 240 h of ther-
(h) (J/m) (J/m)mal degradation. Figure 3 illustrates the compari-

son between the Izod impact strength for the ma-
0 49.03 10.82terial cured with the two cycles. It can be noted
24 41.36 4.37that there is a decrease in the value of the Izod
240 38.33 6.42impact strength when thermal aging is increasing
4700 21.92 2.31for the two cycles, and also the material cured
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folds and the separation between two folds with
aging time that in the material cured with the
long cycle.

DISCUSSION

Tensile Tests

The material cured with the long cycle presents
better mechanical properties than the material
cured with the short cycle; this fact may be due to
the different tridimensional networks originated
during the cure. When the cure is longer, the reac-Figure 3 Izod impact strength vs. aging time for the
tion is more complete and a higher conversion, a,material cured with both cycles.
is reached. In Figure 6, the two step-cure paths
are shown superimposed on the time temperature

Morphology transformation diagram (TTT) of this system.14

In this diagram are represented the isoconversionFigure 4 shows the SEM micrographs of the ten-
curves and the gelation and vitrification curvessile fractured surface of samples of the material
with their corresponding experimental points.cured with the long cycle for 0, 24, and 240 h of
The three critical temperatures for this systemthermal degradation.
are Tg0 Å 0377C, gelTg É 307C, and Tg` É 1507C.The complete section of the specimens appears

From this diagram it is observed that a slightlyin Figure 4(a), (b), and (c) at 161magnification.
higher value of conversion is reached when theThe corresponding amplification of a centered
material is cured with the long cycle. It wascharacteristic zone appears in Figure 4(d), (e) ,
stablished for this DGEBA/1,3-BAC epoxy systemand (f ) at 1001 magnification.
that the one-to-one correspondence between theA detailed analysis of the fractured surfaces
glass transition temperature, Tg , and conversionof the micrographs at 161 magnification allows
is correctly described by a DiBenedetto’s approachidentification of four characteristics zones. These
in the form used by Hale et al.,14 so even a smallzones are schematized in Figure 5.
variation of the value of conversion in the regionDeparting from the mirror-like region it can be
of high conversions involves significant changesseen fine lines or river markings oriented parallel
of some properties of the material.to the direction of crack propagation, that is, these

Thus, an increase in the activation energy oflines can be traced back enabling the defect or
glass transition of the material that is well curedcause of failure to be identified. In our case from
is expected, because crosslinking reactions are ac-the Figure 4 it can be seen that the cause of failure
companied with a decrease in the segmental mo-is an air bubble on the surface. On the other hand,
bility of the polymer chains. This fact was experi-the aged specimens show a typical brittle fracture
mentally confirmed: activation energies measuredmode, as shown in Figure 4(b) and (c).
by DMA for the material cured both with the shortThe fracture surfaces were observed at higher
and the long cycles were, respectively, 345.5 andmagnification (up to 50001 ) , and it can be noted
423.6 kJ /mol.15

that in the mirror-like region there are not sig-
On the other hand, for the material cured withnificant items independently of the thermal deg-

the short cycle, the first hours of thermal degrada-radation that the specimens were subjected. In
tion generate additional crosslinking and an in-the rough three-dimensional zone the folds are
crease in the glass transition temperature8 so, ac-less depth and less distanced when thermal aging
cording to the Nielsen relationship,16 there is ais increased.
decreasing in the molecular mass between cross-The fracture surfaces for the specimens of the
links, Mc .material cured with the short cycle present the

same four characteristics zones showed in Figure
5, and also in the rough three-dimensional zone Mc Å

39000
Tg 0 Tg0

(1)
there is the same trend about the depth of the
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Figure 4 SEM micrographs showing the fracture surface morphologies of DGEBA/
1,3-BAC specimens at different aging times (h): (a) 0 (161 ) ; (b) 24 (161 ) ; (c) 240
(171 ) ; (d) 0 (1001 ) ; (e) 24 (1001 ) ; ( f ) 240 (1001 ) .

Table II summarizes the values of Tg measured ing reaction, because this factor can be expressed
as R É K /te , where K is a constant and te , theby DSC and the values of Mc in the first 1500 h

of thermal degradation for the material cured reaction time.17

with the short cycle. From this table it is observed
Izod Impact Teststhat Mc approaches a constant value at high aging

times. This variation can be taken as an indicator The variation of the Izod impact strength with
aging time is related with the variation of theof the decrease of the rate factor R of the crosslink-
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Table II Molecular Mass between Crosslinks
and Glass Transition Temperatures vs. Aging
Time for the Material Cured with the Short
Cycle

Mc

Time (h) Tg (DSC) (7C) (mol/g)

0 139.0 221.7
480 145.0 214.4
984 146.6 212.5
1512 147.0 212.1

Figure 5 Four characteristic zones of the fractured
surfaces: (1) a defect where failure is initiated; (2) a

material without degradation and with 480 h ofsmooth mirror-like region; (3) a slightly less smooth
area; (4) a rough three-dimension zone. thermal aging.

Table III summarizes for this last material, the
area and the height of the tan d curve for b transi-
tion vs. aging time. From these values can be ob-peak of b transition in tan d curve obtained by
served a correlation between the decrease in theDMA. It is generally considered that b transition
intensity of the b peak and a decrease of the Izodis very related with the impact properties of the
impact strength when thermal aging is increas-materials when this transition is associated with
ing. Dynamic mechanical analysis shows, too, amotion about the chain backbone of a relatively
significant decrease in the a peak, correspondingsmall number of monomer units or with motion
to the glass transition, and the existence of a sec-of side groups called crankshaft mechanism.18 The
ondary peak, a2 , at high temperatures that is in-crankshaft mechanism needs an activation en-
creasing and shifting to higher temperaturesergy of about 11–15 kcal/mol and probably re-
when thermal aging is increasing.21quires creation of free volume for rotation.19 The

activation energy obtained for the b transition of
this material cured with the short cycle was 53.4 Morphology
kJ/mol or 12.8 kcal/mol.20

An examination of almost any epoxy fracture sur-Figure 7 illustrates the tan d of b transition for
face highlights the presence of a number of differ-the material cured with the short cycle for the
ent regions. Also, in other polymers and metals
there appear such regions. One way of explaining
the formation of such zones is based in the varia-
tion of crack velocity during failure. It can be

Figure 6 TTT isothermal cure diagram of DGEBA/
1,3-BAC epoxy system. j and l represent experimen-
tal times to vitrification and gelation, respectively. The Figure 7 Tan d vs. temperature for b transition for

the material cured with the short cycle: (a) withouttwo step-cure paths: 1–2-3-S represent the short cylce,
and 1–2-4–5-6-L represent the long cycle. degradation; (b) 480 h of aging time.
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Table III Values of the Area and the Height of of the material in an irreversible form. As aging
the tan d Curve for b Transition vs. Aging Time time is increased, the properties of the material
for the Material Cured with the Short Cycle are changed in a significant way.

The loss of mechanical properties is manifested
Time (h) b Peak Area (7C) b Peak Height through the tensile and the Izod tests as an in-

crease in the fragility of the material cured both0 2.03 0.032
with the short and the long cycles. However, the480 0.91 0.013
material cured with the long cycle presents better
properties at any aging time. This better behavior

shown that there will be a limiting velocity for for the material cured with the long cycle is ex-
crack propagation that is proportional to the ve- plained by the great conversion and high crosslink
locity of sound in the material.22 A number of tech- density that this material reaches during the
niques are available for measuring the velocity of cure, as seen in the TTT diagram of this DGEBA/
a crack in a brittle polymer. 1,3-BAC epoxy system.

The mirror-like region was found to correspond A good correlation was found between the de-
to the region of a slow crack growth. Parabolic crease of the Izod impact strength and the de-
markings in the direction of the defect are some- crease in the intensity of the peak of b transition
times observed beyond the mirror-like region as in tan d curve obtained by DMA when thermal
in the micrograph of Figure 4(a), this region cor- aging is increasing. This fact could agree with the
responds to the zone over which the crack was supposition that the origin of the b transition is
accelerating in an unstable manner. This para- due to the motion of a crankshaft mechanism in
bolic markings are associated with the initiation the zone where the resin and the hardener are
of secondary cracks in front of the primary crack joined. It can be noted, too, there is a good correla-
in this region. tion between the increase in the fragility of the

When the crack has reached the maximum ve- material with aging time and the morphology of
locity, the crack branching and, therefore, a very fractured surfaces observed by SEM, mainly in
rough three-dimensional fracture surface oc- the rough three-dimensional zone.
curs.23 The crack maximum velocity is a fraction
of the sonic velocity of the material that is related This work was financially supported by Xunta de Gali-
with the Young modulus, E , and the density, p , cia, through Grant XUGA 17201A92. The authors are
of the material through the expression24

grateful to SGAI, Universidade de A Coruña, for SEM
analysis.
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