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Abstract

The purpose of the presented study is a solution of a boundary-value problem, a visualization and a study of
crack propagation pattern of a plane specimen of an anisotropic brittle material by computer modeling method.
As main software for the research, MSC Nastran finite-element analysis package is used. As a result of the
presented study, a methodology for a creation of finite-element models of various structural constituents and
specimens with consideration of material’s microstructure is developed. Developed methodology is tested during
the creation of finite-element model of the specimen assigned for a fracture with stress concentrators of varying
forms and with a consideration of hypothetical structure, consisting of three types of crystallite with different
mechanical properties. The methodology is proposed for an evaluation of kinetics and visualization of the crack
growth in models of isotropic and anisotropic brittle materials. As the result of step-by-step visualization of the
crack growth, animation files in AVI-format are created, which allow us to analyze the process of the material
fracture. A theoretical equation is proposed for determination of the crack growth trajectory, which defines a
relationship between a work needed for the crack growth and stresses in the specimen and its geometric
parameters. An influence of the material on the trajectory of the crack growth is determined. Results of the
presented study can serve as a tool for development of new materials with a high crack resistance due to their
optimal microstructure. Developed methodologies allow you to determine desired location, size, shape of grains
and their mechanical properties in microstructure of created material, without fabrication of many expensive
full-size specimens.
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1. Introdution

An assessment of structural materials' quality in a context of fracture mechanics becomes increasingly important
during a development of new materials or regimes of thermomechanical strengthening, and criteria of fracture
mechanics are becoming increasingly implemented in a design of various crucial structures, because those tests
maximally model service conditions (cracks presence, appropriate environment, stress field — plane deformation,
plane stress condition, etc.). A solution of problems of mechanics of main cracks' development for bodies of
complex shape and complex loading conditions is difficult to imagine without use of effective computer-aided
numerical methods. Finite-element method due to its versatitility became the most widely spread (Alshoaibi, A.,
M., et. al., 2009; Souiyah, M., et. al., 2009; Dongwoo Sohna, et. al., 2011).

Therefore, as it was mentioned above, there is a large number of fracture criteria, a selection of a criterion will be
primarily determined by a specification of solved problem. The most important problem is a creation of an
automated method for the determination of the crack growth trajectory in a material with maximum realism of
described structure (Soon Wan Chung, et. al., 2002).

During the study of processes of structural materials' fracture and the development of new materials it is
necessary to be able to visually observe a pattern of the cracks growth depending on phase and structural
composition of the material (Guido Dhondt, 2012; Voronin, S.V., et. al., 2008).

A large number of researches are dedicated to the study of various structural elements, which have various stress
concentrators. Generally, the material of structures is set as isotropic (Tilbrook, M. T., et. al, 2005; Ooi, E.T., et.
al., 2012; Gui’e Xu, Feng Fang, Zhaoxia Li, 2009; Wen Zhong, Jiajie Hu, Jun Guo, Zibin Li & Quyue Liu,
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2009).

A number of researches concerns the crack growth due to an influence of alternating fatigue loads (Rahman, M.
M., et. al., 2009; Liwei Wu, et. al., 2014).

A literature analysis shown that there is a need to develop more advanced methods of computer modeling of a
real structure, which can provide an opportunity to consider all types of materials and features of their structure.
A problem that remains topical, is the problem of automation of certain types of the creation of structures'
finite-element models, as most of proposed methods are labor-intensive and require high qualification from a
researcher or a designer in order to be able work with finite-element based software (Dong, W, et. al., 2013).

The goal of the presented study is the solution of boundary-value problem, visualization and study of the cracks
propagation patterns of the plane specimen of anisotropic brittle material by computer modeling method.

To achieve that goal it is necessary to solve following problems:

1. To develop the methodology for the creation of finite-element models of specimens, taking into account
material's microstructure.

2. To conduct a computer modeling of the crack growth process in models isotropic and anisotropic elastic
specimens with geometric defects of varying shape.

2. Material and Methods

The computer-aided studies were conducted on personal computer with dual core 2 GHz processor and 2 GB
RAM and using finite-element method based software — MSC Nastran for Windows. The main idea of finite
element method is that any continuous value, such as temperature, pressure or displacement can be approximated
by a discrete model, which is based on a variety of piecewise-continuous functions, which are defined in a finite
number of sub-regions.

All above mentioned software are operating in Windows XP environment. Preparation of geometrical model,
partitioning into finite elements, setting physico-mechanical properties of materials and loads was conducted in
pre-, post- processor Femap 8.2. For pre-, post-processor Femap 8.2, Nastran 2005 software was used as a
resolvent.

During the creation of samples scale factor was considered: according to similarity theory, in a case of scale
change in 100 times differences in stress-strain state of studied specimens does not exceed 1 %.

Process of fracture was studied with two finite-element models with 3x1.5%1 mm size from test brittle material.
One model was fully isotropic with Young modulus equal to 71000 MPa and ultimate tensile strength — 300 MPa,
and the second with three structural components having different values Young modulus — 50000 MPa, 71000
MPa, over 80000 MPa and ultimate tensile strength, respectively, 200 MPa, 300 MPa and 450 MPa. From both
sides of specimens stress concentrators in a form of triangular cuts with the dimensions 0.1 mm (height) and
0.04 mm (base of the triangle) were placed symmetrically, relative to median longitudinal line. That pattern of
stress concentrator’s placement is because of an intention to avoid bending of specimens under due to external
tensile forces, which value was changed in a process of numerical experiment from 0 to 200 MPa. Between
stress concentrators in a stripe, where the crack is expected to grow, in order to model porosity of the specimen,
defects of the specimen's geometry in the form of gaps of various shape were introduced, also in a symmetrical
manner: thombus with sizes of diagonals 0.032x0.018 mm; heptagon with sizes of diagonals approximately
equal to 0.04 mm; pentagon with sizes of side equal to 0.014 mm for the creation of a more complex stressed
state of a model.

3. Results
3.1 The Methodology of Finite-Element Model's Creation with the Consideration of Material's Microstructure

For creation of two-dimensional model (2-D model) or three-dimensional model (3-D model) finite-element
models of structural and phase components, the following methodology was developed.

1. The first step of the creation of the 2-D and 3-D finite-element models was the creation of a geometry model
of studied specimens (using menu functions Geometry...). It included the creation of external borders or surfaces
of the specimen and pores. Shape and size of the specimen was chosen in accordance with objectives of the study.
Pores had the spherical shape. Coordinates of pores' location inside the body of the specimen were set using a
random number generation software and their dimensions were set in accordance with data about a value of
material's porosity and size distribution of pores. During the creation of pores under pressure, it is necessary to
know the value of level of gas saturation of the material, in order to calculate pressure, which is occurring in
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pores, in accordance with that value.

2. In the second stage, properties for all structural constituents of the material (using menu functions
Model—Materials...), which number is equal to the number of grains' groups and strengthening phases, with the
same physical-mechanical properties.

3. Further, partitioning of previously the created model of the specimen with pores in finite elements, which
shape was regulated in settings of Mesh generation (using menu functions Mesh).

4. In the fourth stage, the number and size of grains, phases and cracks were set, the centers of the listed
structural constituents were assigned (Figure 1).

Figure 1. Microstructure of Al-6%Mg alloy: a — microstructure of the studied alloy; b — finite-element model of
alloy’s structure

In order to do that, a microsection of the studied material was made (for example, Al-6%Mg alloy), which was
placed on microscope with a digital camera, that allowed to send an image of microstructure to a computer. The
image of the microstructure was processed using the image analysis software Expert Pro 3.0, which is designed
for acquisition, preparation and analysis of the raster images. Using data, received from the Image Expert Pro 3.0
software, graphs of grains' distribution by size and number were created. The graph was created for the 2-D
image of a structure. In order to determine the number of structural constituents in the unit of volume, the
following relationship was used: N =n/d,,, where N — number of grains in 10° m®, n — number of grains in 10™
m’, dave — average size of a grain in a thin section's plane. Then, appropriate properties were assigned to each
group, which was forming a structural constituent. Centers of structural constituents were assigned using the
random number generator with implementation of adjusted data of the structural constituents’ size distribution
graph. Centers of listed structural constituents in the model, which was partitioned into finite elements, were
independent elements. Other elements were attached to selected nodes of an element (using menu functions
Group— Node— on Element...), using commands (Group— Element— using Node...) for an attachment of
mesh elements. In turn, on the attached elements, new nodes can be selected to increase or change shape of
structural constituents of the material. The shape and size of the structural constituents was controlled visually on
the computer's screen.

3.2 The Method of Modeling of the Crack Growth Process in Finite-Element Models of Specimens with the
Consideration of Material's Structure

The basis of developed method of visualization of the crack growth comprises two principles:

The fracture of the material occurs at the ultimate tensile strength under applied external forces in independent
points of the finite-element model;
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The crack grows in a direction of minimum work's conduction during growth on distance, which is determined
by finite-element's value.

The first principle determines a place of the material fracture in the finite-element models of isotropic and
anisotropic specimens, and the second — the direction of the trajectory of further growth of the crack.

In order to study the pattern of the crack growth, model of the 2-D specimens were selected — isotropic (Figure
2), and another one with similar geometric sizes, but composed of three different structural constituents, which
are considering anisotropy of real material’s properties (Figure 3).

After the creation of the geometry model of the specimen, in order to use the MSC Nastran for Windows
software, partitioning of the surface into finite elements of triangular shape with a minimum size of
1:10-4+2-10-4 m was conducted. Such shape of the element is selected in order to increase the number of

directions of the expected growth of the crack. The value of final elements by length of the specimen was uneven,
which was related with necessity to reduce the number of finite elements for reduction of the model’s analysis

time.
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Figure 2. Overview of finite-element model of isotropic specimen

s

RN

%

<>
7

</
s
CRREKT

A
<
<

K

o

KR
VAVavavs::

3 045 06 0F5 08 105 12 13/ 15 165 18 195 21 228 24 2585 27

Figure 3. Overview of finite-element model of anisotropic specimen

During the study of the pattern of the crack growth, it was assumed that the crack will grow in an intermittent
manner and step’s value will be accepted as equal to the edge of the finite element. The assumption of an
intermittent growth of the crack is based on data from literature.

In order to visualize growth of the crack with an application of external load, the following measures were taken.
After achievement of the value of equivalent stress of Von Mises in an independent node of a mesh, which is
equal to the ultimate tensile strength of one of structural constituents, a division in two of a node was conducted
in a top of the crack. At the same time, the direction of the crack growth was determined using following values:
minimal difference of stresses in the top of the crack and nodes of expected directions of the crack growth and
cosine of angle between Y-axis and a line of possible displacement of the crack's top (Figure4).

On the basis of that data, work, which was spent on the crack's displacement, was calculated, using proposed
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empirical equation (1):

A:(O'g—o;)xﬁxt "
cos &

where A — work spent on the crack's displacement, J;

o, — stress at the top of the crack, N/m?;

o; — stress in the node, in which following division in two is expected, N/m”.

1 — distance between the node at the top of the crack and the node, in which following division in two is expected,
m;

t — thickness of the specimen, m;

o — angle between Y-axis and the direction of expected the crack growth, degrees.

|
Figure 4. Parameters, which are necessary for a calculation of work during the crack growth

A sequence of step-by-step calculation of the crack growth trajectory in the finite-element model can be
presented in the form of a scheme (Figure 5).

External load application

Division in two of a
— selected node in a
certain direction

; f

where a division in two

where a division in

<

two is expected

Increase of load > Analysis of R Determination of a direction
obtained model of crack growth using the
ﬂ N equation
v 1
Absence of nodes Finding of nodes Determination of nodes, which are

fractured first, by a reduction of
applied load

is expected

Figure 5. The algorithm for determination of the trajectory of the crack growth

4. Discussion

In accordance with the proposed algorithm, at the beginning of the study, a load is applied to specimens' models,
after which the models are analyzed, in order to obtain images of distribution of stress and deformation along the
specimen's body. Using stress values in areas of expected the crack growth, the nodes, which stresses exceed
specified ultimate tensile strength for the given structural constituent, are determined. If several nodes, in which
the stress exceeded the ultimate tensile strength, are found, it is necessary to reduce the load to a level, at which
the number of that kind of nodes will be equal to one. Then, around those nodes all nodes are selected, which lay
in the range from 0° to180° relative to X-axis, in which the direction the crack growth is possible. For all
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possible directions, the work required for the crack growth is calculated using the proposed equation. Then, the
node, in which the stresses exceeded the ultimate tensile strength, is divided in two in the direction, in which it is
necessary to conduct minimal work. The obtained finite-element model is analyzed, and, then, again, the nodes,
in which the stresses exceeded the ultimate tensile strength, are determined. In the case of their absence, the
applied load is increased.

Results of the visualization of the crack growth trajectory are presented in Figure 6-10, which use the proposed
methodology of isotropic and anisotropic specimens with defects of various shape, which are introduced in order
to create a complex pattern of the stress distribution.

In discussed studies, the solution of problems is presented, which pertain to the crack growth, however, materials,
in which the cracks grow, are considered as isotropic bodies, without taking into account their microstructure
(Zhoua, M-]J, et al., 2014; Li, J., et al., 2014; Ozgur Aslan, Samuel Forest, 2009; Adelzadeh, M., et al., 2008;
Khoei, A.R., et al., 2012; Tianqi Wang, Liangyu Li, Xiao Li & Xu Yang, 2009).

Figure 7. Stress-strain state of isotropic specimen mode 1 in step 32

The crack growth for the material with three different structural constituents and with the same defects is
presented in Figure 8, 9, 10.

Figure 8. Stress-strain state of anisotropic specimen model in step 32
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Figure 10. The trajectory of the crack growth with the image of the structure of anisotropic specimen in step 32

5. Conclusion

Thus, as a result of the conducted investigations, the methodology is developed, which is designed for the
creation of finite-element models of various structural constituents of materials, for the computer modeling of
the crack growth in models of isotropic and anisotropic elastic specimens with various shapes of defects. Also,
the possibility of the visualization of the crack growth is demonstrated in the case of the fracture of elastic
structural materials. As the result of step-by-step visualization of the crack growth, the animation files in
AVI-format are created.

In order to increase precision of the trajectory of the crack growth with finite-element modeling, it is necessary
to implement remeshing of finite elements around the tip of the crack.
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