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The relevance of the work is due to the need for experimental studies to determine the mechanical characteristics
of epoxy resin samples, which can be used to check the correctness of the choice of parameters and criteria for the
onset of crack growth within the framework of elastic fracture mechanics, cohesive models, models such as virtual
crack closure technique, extended finite element method, etc. Thus, the article is aimed at determining the parame-
ters of fracture toughness of samples of brittle epoxy resin with applied eccentric cracks. The leading method for the
study of this problem is the experimental method, which makes it possible to determine the critical stress intensity
factor for three-point bending of samples with an edge crack, as well as to study samples with an eccentric (relative to
the center of the sample) location of cracks. The paper presents the results of experimental studies to determine the
critical stress intensity factors for samples of brittle epoxy resin L285 with hardener H 285 (Hexion), obtained without
the addition of a plasticizer. The results of testing samples with asymmetric cracks are compared with the results of
numerical modeling within the framework of elastic fracture mechanics with the energy fracture criterion. The materi-

als of the article are of practical value, first of all, for the calibration of fracture mechanics models.
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INTRODUCTION

This paper presents the results of experimental studies
to determine the mechanical characteristics of epoxy
resin samples, which can be used, first of all, to calibrate
fracture mechanics models. Such data are necessary, in
particular, to check the correctness of the choice of pa-
rameters and criteria for the start of crack growth within
the framework of elastic fracture mechanics, cohesive
models, models of the VCCT (virtual crack closure tech-
nique), XFEM (extended finite element method) type,
etc. [1-3].

This work presents detailed data on the geometric pa-
rameters of the manufactured samples and the mechan-
ical characteristics of the epoxy resin used. Samples of
the material are purposefully obtained without adding
any plasticizers to ensure elastic deformation of the sam-
ples, in practice, to destruction [4, 5]. Both standard tests
to determine the critical stress intensity factor in three-
point bending of specimens with an edge crack and tests
of samples with an eccentric (relative to the center of
the sample) location of cracks were carried out [6]. For
such samples, numerical verification calculations were
performed using the identified material characteristics
and an elastic fracture mechanics model with an ener-
gy fracture criterion. Mathematical models for similar
problems and experimental studies were investigated in
works [7-9].

Calibration of models that allow describing the beginning
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of the onset and propagation of damage such as cracks
and delamination is important, which is necessary both
for characterizing the material under study and for de-
scribing the mechanical behavior of structural elements,
the loading conditions of which determine the choice of
a particular calculation method [10, 11]. From the point
of view of strength calculations, the simplest approaches
are based on the use of strength criteria. However, these
approaches do not give satisfactory results when the
model contains stress concentrators in the form of sharp
singular angles or cracks. In this case, it is necessary to
involve more complex fracture mechanics models, which
often contain parameters that require calibration [12-14].
This paper presents the necessary experimental data for
the implementation of such works and for further calcula-
tions, in particular, those related to the micromechanical
modeling of composite materials.

MATERIALS AND METHODS

For the manufacture of samples, we used L 285 epoxy
resin with H 285 hardener (Hexion). The resin compo-
nents were mixed in proportions of 100: 40, thoroughly
mixed, and placed in a vacuum chamber for degassing
for 15 minutes at room temperature. After degassing, the
mixture was poured into a mold, in which it was cured for
24 hours at a temperature of 50°C. In this way, blanks
in the form of plates were made, which were further
machined on an axis-controlled mill to obtain a uniform
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Figure 1: Sample geometry and test pattern

thickness. Experimental flat rectangular samples were
cut from the resulting blanks using a cutting machine.
The samples were 42 mm long, 4.5 mm thick, and 9.05
(x 0.05) mm high.

Notches were made on the samples on an axis-controlled
using a diamond disc. The thickness of the notches was
0.2 (£ 0.05) mm. In the top of the notches, natural cracks
were created by the impact of the blade with a thickness
in the grinding zone <0.1 mm. The geometry and length
of the resulting cracks were measured using an Altami
Met 5 optical microscope. Five samples with a central
location of notches and cracks and 9 specimens with an
eccentric location of cracks were made. Eccentric notch-
es and cracks were made with an offset from the center
of the sample k/L = 0.1; 0.2; 0.3. The geometry of the
manufactured samples is shown in Figure 1.

The tests were carried out according to the three-point
bending scheme using an Instron 5969 universal testing
machine. Instron 5969 testing machine designed for stat-
ic tests and determination of the physical properties of
materials for axial tension, compression, bending within
the technical capabilities of the machine [15, 16]. The
main parts of the machine are the loading device (hy-
draulic, mechanical) and measuring instruments. The
latter register changes in force and deformation. Ovens
and cryochambers are used to test materials at tempera-
tures other than normal [17-19]. In the tests, the samples
were placed symmetrically on the supports and loaded
vertically by loading nose at the central point (Fig. 1) at
a speed of 1 mm/s. The distance between the supports
was 37 mm. Because of the tests, a load-displacement
diagram was constructed. Based on the test results of
samples with eccentric cracks, the critical stress intensi-
ty factor was determined according to (Egs. 1-2) (ASTM
D5045-14):

6PVl
K, = Y (A (1)
le tb ( )
Y(4)=1.93-3.074+14.53 4> —=25.1’+25.8* (2)

where P is the disruptive load, / is the crack length taking
into account the notch, b is the sample height, ¢ is the
sample thickness, A=l/b is the ratio of the crack length to
the sample height.

In symmetrical samples, notches of various depths were
purposefully made to assess the stability of the obtained
values of the coefficient K, . Samples with offset cracks
were tested in the same way as standard samples.
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RESULTS AND DISCUSSION

Micrographs of cracks created at the top of the notches
in the experimental samples are shown in Fig. 2. Dia-
grams of sample loading obtained as a result of three-
point bending tests are shown in Fig. 3. Samples were
fractured brittle, into two parts along the direction of
crack growth. The diagrams have a linear form, practi-
cally, until destruction, which occurred with a complete
loss of the bearing capacity of the samples.

The values of the disruptive load for all samples and
the values of the critical stress intensity factors calcu-
lated by formula (1) for samples with eccentric cracks
are presented in Table 1. The values of the notch depth
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Figure 3: Load-displacement diagrams obtained in
tests of samples with central (a) and offset (b) cracks of
various lengths
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and length of cracks made in experimental samples are
also indicated here. The average value of the coefficient
K.. was 1.2 MPa m°®, which is slightly higher than the
standard values [20-22], due to the type of epoxy used.
Young’s modulus of this resin is 3 GPa. Poisson’s ratio
for further calculations is taken equal to 0.3. Tensile/com-
pressive/bending strength: 75 MPa/130 MPa/115 MPa.
Strain at break is 6%.

The test results were compared with numerical finite ele-
ment modeling. On the basis of calculations for symmet-
ric samples, the critical values of the J-integral (J_) were
estimated, from which the values of the critical stress in-
tensity factors were further estimated under the assump-
tion of a plain stressed state K, =(E J )*® (E — Young’s
modulus) [20, 23]. For asymmetric samples, the critical
value of the J-integral was also evaluated based on the

v
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Figure 4: An example of a finite element model used in
the calculations (a) and typical calculation
results — stress intensity distribution according to von
Mises stress in the model (b)

-

known geometric parameters of the model and the value
of the disruptive load established in the experiment.

Numerical calculations were carried out in the Com-
sol system. An example of a finite element model and
a sample loading/fixing scheme are shown in Figure 4.
The calculations were carried out in the formulation of a
plain stress state under the assumption of small defor-
mations. The J-integral was calculated along a circle en-
closing the crack tip with a diameter of no more than 1/2
of its length. The notch in the samples was not drawn,
since the areas near the crack practically do not partici-
pate in the perception of the load, and the presence (or
absence) of material in these areas does not significant-
ly affect the calculation results. Thus, in the models, an
edge crack with rectilinear edges of the same length as
the total length of the notch and crack in the experimen-
tal samples was drawn. The initial crack opening in the
zone of the lower surface of the sample was set equal
to 10“mm (a decrease in this value did not affect the
calculation results). The load was set in the center of the
upper surface of the model in the form of a uniformly dis-
tributed pressure on an area with a length of d =2 mm.
The supports were modeled by fixing the lower corners
of the model according to the hinge-roller scheme.

In numerical calculations, the values of the critical de-
struction energy were found for all samples (Table 1).
The average value for all samples was J =227 J/m’
with a standard deviation of 500 J/m2. The average val-
ue for samples with symmetrically applied cracks was
J =1053 J/m? with a standard deviation of 437 J/m?. It
follows from this that, despite a large spread of values,
on average, the energy criterion made it possible to ac-
curately assess the bearing capacity of samples with a
displaced location of cracks. The values of the stress in-
tensity factor found in the numerical calculation turn out

Table 1: Test results for samples made of epoxy resin

No Crac:/fh'ﬂ’ mm | amm | P_ N | K, MPam®s 'A%,ga(fﬁf; Jcij/(; E)
1 0 43 0.7 39.0 0.90 12 526
2 0 5.0 0.8 44.0 125 177 1103
3 0 5.3 14 43.0 137 197 1338
4 0 5.1 0.7 34.0 1.06 143 712
5 0 6.9 12 20.0 140 217 1590
101 0.1 26 0.6 104 - - 793
2_01 0.1 3.7 0.7 75 - - 938
3_01 0.1 6.9 2.9 22 — - 1569
1.02 0.2 2.7 0.7 165 - - 1171
2_02 0.2 3.9 0.9 122 — — 1772
3_02 0.2 45 0.5 79 — - 1200
1.03 0.3 2.8 0.8 252 - - 510
203 0.3 3.9 0.9 211 - - 2021
303 0.3 4.5 0.5 152 — - 1937
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to be higher than those calculated by the formula (1),
which is due, inter alia, to the selected sufficiently wide
range of crack lengths that go beyond the limits recom-
mended by the standard.

CONCLUSIONS

Based on the tests carried out, the parameters of fracture
toughness of samples of brittle epoxy resin with applied
eccentric cracks were determined. Based on the results
of comparing the experiment with numerical calculations,
it was found that the average values of the fracture ener-
gy in symmetric and asymmetric samples are close and
amount to about 1100 J/m?. The scatter of values turns
out to be quite large (up to 50%), which is explained by
the complex nature of the materials strength and the not
quite ideal shape of the applied cracks. Since the mate-
rial was fragile, the parameters were determined for it,
associated only with the onset of the development of de-
fects, which then propagate in a nonequilibrium manner.
A small zone of nonlinear deformations can be observed
near the maximum load in the presented experimental
diagrams; however, from a practical point of view, these
small effects can be neglected by applying the corre-
sponding models in an elastic formulation.

The data obtained can be used, for example, for micro-
mechanical modeling of composite materials, in which
interlaminar cracks are essential from the point of view
of the strength and safety of structures. The characteris-
tics of interlaminar strength and fracture toughness are
largely determined by the parameters of the composite
matrix, which are presented in this work. The coefficient
of fracture toughness of inhomogeneous composite ma-
terials, generally speaking, can be higher than the co-
efficient of fracture toughness of the matrix, due to the
retardation of crack propagation at the phase interfaces,
which can be estimated on the basis of appropriate cal-
culation methods.
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