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ABSTRACT: In this work an analysis of the fracture behavior under impact of four epoxy
resins was performed. The morphology of the fracture surfaces was analyzed by scan-
ning electron microscopy and the topographic marks observed could be related to the
thermal behavior of each epoxy system. The relevant properties that determine the
thermal behavior were the thermal diffusivity, which was measured by using the open
photoacoustic cell technique, and the glass transition temperature. As the thermal
diffusivity of these materials is very low, and therefore also is their heat dissipation
capacity, the impact test occurs under adiabatic conditions and a temperature increase
occurs at the tip of the running cracks. Therefore, thermal blunting may occur at the
crack tip and the energy absorption capacity of the resins is increased. The topographic
marks observed at the fracture surface help to identify how efficient this mechanism is
for each of the epoxy systems analyzed. © 2000 John Wiley & Sons, Inc. J Appl Polym Sci 77:
2486–2492, 2000
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INTRODUCTION

Epoxy resins are nowadays widely used in many
applications that range from common adhesives
and sealant to matrix in high-performance com-
posite materials.1,2 The outstanding versatility of
this resin is due to the great reactivity of the
epoxy group that can react with different com-
pounds like aliphatic and aromatic amines, anhy-
drides, and polyamides.3 The use of different
hardeners produces changes on the macromolec-
ular network of the crosslinked epoxy systems
and also on the resulting macroscopic physical
properties of epoxy-based materials.4–6

From a mechanical point of view epoxy resins
are brittle materials that show very limited ener-

gy-absorbing mechanisms.7 This picture is true
even under static tests where the whole event of
fracture can be thought as occurring under iso-
thermal conditions.8 Increasing the strain rate,
such as under impact conditions, increases the
tendency of materials to fail on a brittle mode.
This also occurs with epoxy-based materials that
show relatively low levels of energy absorption
under impact. Due to the very low heat exchange
capacity of polymers, one can model impact tests
on these materials as an adiabatic event8 and,
therefore, new energy-consuming mechanisms
could be operative, such as thermal blunting
at crack tips.9,10

In this work a study was undertaken to verify
the conditions for thermal blunting to occur. The
capacity of four different epoxy-based resins to
diffuse the heat generated under impact was de-
termined and their fracture behavior was charac-
terized. The thermal diffusivity, a, was chosen as
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the thermal property to be evaluated because it is
a key physical parameter that states how much
time is needed to dissipate the heat generated at
a given point inside a material. Therefore, the
knowledge of a values makes it possible for the
real boundary condition of the test, i.e., isother-
mal or adiabatic, to be correlated to the behavior
shown by each of the epoxy systems analyzed. The
morphology of the fracture surfaces was analyzed
by scanning electron microscopy (SEM) and the
topographic marks observed were correlated to
the thermal behavior of each epoxy system.

EXPERIMENTAL

The samples were prepared by mixing proper
quantities of a difunctional epoxy monomer, dig-
lycidyl ether of bisphenol-A (DGEBA), respec-
tively, with an aliphatic amine, triethylene tetra-
mine (TETA), two aromatic poliamines, diamino
diphenyl sulfone (DDS) and diamino diphenyl
methane (DDM), and a mixture of the tetrahy-
drophtalic anhydride (THPA) and a brominated
flame retardant (BFR). These four epoxy systems
were fabricated by using the epoxy to harden

stoichiometric ratios and the cure schedules pro-
posed by the resin manufacturer.11 Bulk samples
of the four epoxy systems were obtained by cast-
ing the materials in bar-shaped open metal
molds. Table I resumes the experimental condi-
tions used to fabricate these epoxy systems.

Impact Charpy specimens with the average di-
mensions shown in Figure 1 were machined from
the bars. The Charpy tests were conducted at
room temperature, 23 6 .3°C, in a noninstru-
mented equipment with a maximum pendulum
capacity of 4 J. The specimens have a notch-tip
radius of 0.25 mm and the included angle of the
notch tip was 45°, as specified by the ASTM stan-
dard D-256. A minimum of 10 specimens were
tested per epoxy system analyzed. It is worth
mentioning that even after the development of
the concepts of linear elastic fracture mechanics
the Charpy impact test continues to be largely
used to investigate the fracture behavior of mate-
rials. When a noninstrumented equipment, as the
one used here, is employed, the energy values
represent the total energy consumed at the frac-
ture event (i.e., fracture initiation and propaga-
tion). Moreover, energy losses associated with
friction at mechanical parts of the test apparatus,
windage of the pendulum arm, and acceleration of
the test specimen contribute to the measured val-
ues. Nevertheless, if the experimental conditions
are carefully maintained throughout the tests,
the obtained data can be qualitatively used to
compare the mechanical behavior of materials.

The fracture surfaces were analyzed by SEM.
The samples were previously coated with a con-
ducting gold-palladium film and the SEM obser-
vation was performed with secondary electrons
imaging and acceleration of the electron beam
ranging between 15 and 20 kV.

The thermal diffusivity was obtained by using
the open photoacoustic cell (OPC) technique.
Since this technique was developed,12,13 it has
been applied in the thermal and optical charac-

Table I Processing Parameters of the DGEBA
Epoxy Systems Analyzed

Hardener

Hardener to
Epoxy Ratio

(phr)a Cure Schedule

TETA 13 Room temperature
DDS 30 2 h at 150°C 1 3 h

at 220°C
DDM 27 3 h at 100°C 1 2 h

at 175°C
THPA/BFR 80/1 8 h at 130°C

a phr: parts of hardener per hundred parts of resin, in
weight.

Figure 1 Geometry and dimensions of the Charpy impact test specimens.
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terization of materials, such as polymers,14,15

glasses,16 and plant leaves.17,18 In contrast to the
conventional photoacoustic (PA) method (for a re-
view of photoacoustic spectroscopy, see, for exam-
ple, Refs.19 and 20) in the OPC technique, there is
no need of a transduction medium once the sam-
ple is positioned directly on the top of a commer-
cial electret microphone. A schematic of the test
apparatus is shown in Figure 2. The incident ra-
diation is mechanically modulated and as a result
of the periodic heating of the sample due to non-
radiative deexcitation processes, a periodic heat
flow flows from the sample to the front air cham-
ber of the electret microphone. This periodic heat
flow produces an acoustic wave at the chopping
frequency, causing a deflection on the diaphragm
of the microphone, which generates a voltage (V),
across the resistor (R) (Fig. 2). This voltage is
subsequently fed into a field effect transistor
(FET) preamplifier already built into the micro-
phone capsule. The amplitude and phase of this
OPC signal is analyzed by a lock-in amplifier.
Therefore, the way the light is absorbed by the
sample and how the heat flows in the sample will
affect the OPC signal. It means that when the
OPC signal is analyzed with wavelength depen-
dency and/or modulation-frequency dependency,
the thermal and optical properties of the sample
can be studied. It has been shown that the OPC
signal generated is quite complex.17 However, for
limiting cases it becomes less difficult to be ana-
lyzed. When the light is absorbed at the surface of
the sample (i.e., the sample is optically opaque)
and the length of the thermal diffusion is shorter
than the thickness of the sample (that is, it is
thermally thick), the OPC signal, VOPC, can be
written as16:

VOPC 5 ~A/f!exp~ 2 af1/2! (1)

where A is a coefficient related to all parameters
that affect the OPC signal but stay constant with
the modulation-frequency variation, f is the mod-
ulation frequency, and a 5 [(pl2)/a]1/2 is the coef-
ficient related to the thermal diffusivity of the
sample. In the above expression, l is the sample
thickness and a the thermal diffusivity. There-
fore, from a scanning in the modulation fre-
quency, one gets an OPC signal variation as given
by eq. (1). In Figure 3, an example is given of this
dependence for one of the samples studied. Fit-
ting the experimental data by using eq. (1), the
coefficient a can be obtained and, then, if the
thickness of the sample is known, the thermal
diffusivity of the sample is obtained.

As the samples used in this work are not opti-
cally opaque, a thin aluminum foil with 12 mm of
thickness was glued to the surface of the sample
with help of a very thin layer of thermal past.
Therefore, the light is absorbed by the aluminum
foil and the heat generated is instantly transmit-
ted to the sample.14 For the modulation-fre-
quency range used, 8 Hz , f , 50 Hz, this ap-
proach does not disturb the theoretical model and
the boundary condition of the heat generation at
the surface of the sample is satisfied.16

Figure 3 OPC signal amplitude as a function of the
modulation frequency for the DGEBA–TETA sample.
The sample thickness was 170 6 7 mm. The solid line is
the best fitting of eq. (1).

Figure 2 Schematic cross section of the open photo-
acoustic setup.
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RESULTS AND DISCUSSION

The experimental results obtained by the Charpy
impact tests are shown in Table II. One can see
that the epoxy systems with aromatic hardener
(DDS and DDM) absorb more energy than the
aliphatic and the anhydride hardener systems
(TETA and THPA, respectively). Figure 4 shows
the topographic marks generated at the fracture
surface of the epoxy–DDM system. These topo-
graphic marks are characteristic of the discontin-
uous fracture event common to thermoset res-
ins,21 where a main-crack front intersects second-
ary cracks nucleated ahead of the main crack.
Although varying in extension for each epoxy
monomer/hardener pair, the topographic marks
observed in Figure 4 are representative of the
fracture surface morphology of all the epoxy sys-
tems analyzed. In Figure 4 one can see a mirror
featureless zone adjacent to the crack initiation
point. The mirror zone is followed by the transi-
tion and final propagation zones. These two last
regions are characterized by a steady increase on
the surface roughness and by the presence of
conic marks.6,21 Of prime interest for the under-
standing of the fracture event of a thermoset poly-
mer is also the observation of the edges joining
the conic marks. The edges can be abrupt or can
show incipient deformation marks or detached
striations. The presence of striations indicates a
better deformation capacity of the material.22,23

None of the systems analyzed here exhibited
the formation of striations. Nevertheless, incipi-
ent deformation marks can be seen at the fracture
surfaces of the aromatic hardener epoxy systems.
Figure 5(a,b) shows these marks for the DDM and

DDS systems, respectively. Although the same
deformation mechanism is operating for both sys-
tems, one can see that the marks developed at the
fracture surface of the DDS system are more
spread and shallow than the ones for the DDM
system [Fig. 5(b) versus 5(a)].

Incipient deformation marks could also be seen
for the DGEBA–TETA epoxy system, as shown in
Figure 6. For this epoxy system, nevertheless, the
edges between the topographic marks are sharp.
Therefore, less energy was consumed by coopera-
tive plastic deformation.24 The presence of defor-
mation marks at the fracture surface of THPA
epoxy system was barely seen. For this system,
one could see smooth steps and well-formed conic
marks at the final propagation zone (Fig. 7). From
the above discussions, one can see that more de-
formation mechanisms are acting at the epoxy–
aromatic hardeners formulations.

The results obtained for the thermal diffusivity
measurements are also shown in Table II. One
can see that the values are roughly equal and, as
a first approximation, one can say that they are
the same for all four epoxy systems. The low val-
ues of the thermal diffusivity of these systems is a
direct picture that the macromolecular network
developed is not well organized for heat propaga-
tion and that the heat generated by the impact
test will be dissipated very slowly. Therefore, un-
der an impact event, a localized temperature rise

Figure 4 Overall aspects of the fracture surface of
thermoset polymers. One can see a mirror flat zone
surrounded by regions with conic marks. Epoxy–DDM
system.

Table II Experimental Values of the Energy
Absorbed at the Impact Tests (U) and from the
Thermal Diffusivity Measurements (a) (The Tg

values of the epoxy systems analyzed are also
shown)

Hardener
U

(kJ/m2)
a

(1023 cm2/s)
Tg

(°C)
DT
(°C)

TETA 2.09 6 0.08 1.60 6 0.13 120a 42
DDS 3.72 6 1.16 1.47 6 0.10 220b 140
DDM 4.65 6 0.93 1.60 6 0.12 184b 197
THPA 1.94 6 0.85 1.44 6 0.11 ; 150c 33

a Ref. 31.
b Ref. 32.
c Based on the cure schedule recommended by the resin

manufacturer, Ref. 11.
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could take place. In other words, the impact test
could occur under adiabatic conditions.

An estimation of the temperature rise at the
crack tip can be done by using the equation9,25:

DT 5 GIc/~prckt!1/2 (2)

where GIc is the critical strain energy release
rate, r is the density, c is the specific heat, k is the
thermal conductivity, and t is the duration of the

impact event. The values of the thermal conduc-
tivity, k, were obtained by using the results of the
thermal diffusivity, a. As the thermal conductiv-
ity is defined as k 5 arc and the density, r, and
the specific heat, c, can be considered as con-
stants,26 k is straightforwardly related to the a
values. The values of density11 and specific heat27

used for these calculations were 1.16 g/cm3 and

Figure 5 Deformation marks observed for (a) epoxy–
DDM system; (b) epoxy–DDS system.

Figure 6 Topographic aspects of the incipient defor-
mation marks developed at the fracture surface of the
epoxy–TETA system.

Figure 7 Sharp steps and characteristic conic marks
developed at the fracture surface of brittle thermoset
resins. Epoxy–THPA system.
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0.40 cal/goC, respectively. The impact time was
estimated to be ' 1 mseg.

Values of GI can be evaluated directly from the
energy, U, absorbed in a Charpy impact test by
the equation28,29:

U 2 U0 5 GBWf. (3)

where U0 is a term related with the kinetic en-
ergy, namely

U0 5
1
2pmv2 (4)

where m is the mass of the specimen and v is the
test velocity. The other parameters in eq. (3) are the
thickness (B), and the width (W), of the test speci-
mens and a calibration factor, f. For small cracks,
the calibration factor can be approximated by30:

f 5
1
2 x 1

1
18p

3
L
W 3

1
x (5)

where L is the test span and x is the ratio between
crack length (a) and specimen width (W) (i.e., x
5 a/W) (Fig. 1).

The temperature rise, DT, could then be deter-
mined from eq. (2). The values obtained are
shown in Table II along with the values of the
glass transition temperature, Tg, of the epoxy sys-
tems, which were determined by differential scan-
ning calorimetry31 or taken from the litera-
ture.11,32 It is worth mentioning here that the
values of DT as calculated from eq. (2) have to be
regarded only as rough estimates, because, as
pointed out by Low and Mai,25 direct measure-
ments of energy in impact tests give overesti-
mated GIc values. This fact is due to the extra
work necessary for crack propagation through the
plastically deformed region formed ahead of the
crack tip.9 Therefore, a proper estimation of DT
from measured energy values would have to give
consideration to this effect.

One can see that for the DGEBA–DDM system,
a high temperature rise at the crack notch tip was
predicted. The calculated value is high enough to
bring the polymer near to its glass transition tem-
perature, causing softening and thus enhancing
the resin toughness. In fact, there exists a good
relationship between the fractographic analysis
and the predicted temperature rise. As shown in
Figures 5–7, deformation marks were more prom-
inent for the DDM system, decreasing in number
and height toward the THPA system. In other

words, as the predicted temperature rise ap-
proaches the glass transition temperature of the
epoxy systems, crack blunting occurs more exten-
sively ahead of the crack tip. The occurrence of
this mechanism can be inferred by the topo-
graphic marks left at the fracture surface of the
tested specimens.

CONCLUSION

The thermal diffusivity of all epoxy systems ana-
lyzed here are low and, therefore, the impact test
can be modeled as occurring under adiabatic con-
ditions. The very low capacity of heat propagation
of these polymers will produce a temperature in-
crease that can be high enough to soften the re-
gion near the crack tip. Therefore, thermal blunt-
ing increases the energy absorption capacity of
these resins. The shape of the topographic marks
observed at the fracture surface has a good rela-
tionship with the presence of thermal blunting
and helps to identify how efficient this mecha-
nism is for each of the epoxy systems analyzed.

The authors acknowledge financial support from the
Brazilian Agency CAPES.
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