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ABSTRACT: One of the most important parameters in the micromechanical study of material behavior
is the possibility of investigating microcracks and their initiation and propagation patterns in different
parts of the materials. In the present work, an attempt has been made to examine the failure of dual-phase
(DP) steels under uniaxial tensile quasi-static loading using the peridynamics method. The SEM images
prepared from the samples show that the grain boundary voids and their growth on a micro scale can be
considered the place of damage accumulation. According to the numerical analysis, the initiation and

propagation mechanism of inter-grain and intra-grain microcracks in the microstructure of DP steel has  Keywords:
been studied using the non-local peridynamics method. Analyzing this problem using the peridynamics . dynamics
method, considering the irregular geometry, the non-locality, reformulating the continuum mechanics )

. . . . . . . . . . Microstructure
in the form of integrodifferential equations, and studying progressive failure is one of the goals of this

work, which have been carried out based on representative volume elements (RVE) obtained from the DP Steels

real microstructure. Also, due to the possibility of predicting the damage initiation and the propagation ~ Grain Boundary

path in different parts of the material simultaneously without considering the default paths, inter-grain  Intragranular Fracture

and intra-grain microcracks have been simulated using the peridynamics model.

1- Introduction

Various experimental and numerical methods study the
fracture behavior of materials at microscale [1]. Liang et al. [2]
investigated increasing the final fracture stress of dual-phase
steels by increasing the volume percentage of martensite.
Also, the time of the annealing process can significantly
affect the final behavior of the material, which has been
analyzed by Maleki et al. [3] by conducting experimental
tests and preparing microstructural images.

Although the mentioned works provide valuable results,
it is still not possible to implement how to convert micro-
scale failures to macro-scale cracks completely through
mathematical models. Different researchers in the past
two decades have been focused on the development of the
structural equations of the peridynamics method to make it
possible to study various mechanical phenomena using this
method based on reformulating the mechanics of continuous
environments and developing the relations governing
materials in the form of integrodifferential relations. With the
development of peridynamics formulations in recent years,
researchers have implemented this method to study various
mechanical phenomena at different scales [4].

In this article, in addition to using the experimental
method based on the preparation of microstructural images,
tried to investigate the formation and expansion of grain
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boundary and intragrain cracks at the micro-scale using the
peridynamic method. In many of the numerical works that
have been done on the microstructural dimensions of the
material, due to the complexity of the geometric models, the
localization phenomenon of stresses and strains has been used
as an indicator of the damage in the microstructure of the
material, and there are limitations in investigating the growth
of failure. It is observed in micro dimensions and therefore,
in this article, in addition to the experimental method, by
using the peridynamic method and considering the ability of
this method to predict the location and growth of failures,
the pattern of intragranular and intergranular cracks has been
predicted.

2- Methodology
2- 1- Damage Prediction Using Peridynamics

In peridynamics, material failure is investigated by
eliminating the interaction between material points [5].
Whenever the expansion between two material points
exceeds its critical limit (S ), failure begins. The breakdown
in the equation of motion is manifested by zeroing and
erasing the effect of force density vectors between material
points in an irreversible process. As a result of failure in the
material, the applied load is redistributed to the other material
points and this leads to the progressive growth of the failure
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Fig. 1. Phase velocity dispersion curves for a steel pipe
with outer diameter of 220 mm and wall thickness of
4.8 mm

automatically [6].

To obtain the local failure rate at a point, the weighted
ratio of the number of removed interactions to the number
of primary interactions at a material point with its family
members is used. The value of this failure can be obtained
from the following relationship:

I,u(x'—x, tdv'
p(x,t)=1-1 IdV' (1)

The local failure parameter ranges from zero to one. When
its value is one, all interactions between a point and other
points in its family have been lost, and a zero value indicates
that there is no damage in the point. The size of local damage
indicates the formation of possible cracks inside an object.
For example, in the continuation of the formation of the
crack, half of the communication of a point with its family
members is cut off, and in other words, the value of its local
failure parameter becomes 0.5.

2- 2- SEM Images

The preparation of SEM images is an experimental
method to investigate and analyze the mechanisms of damage
initiation and propagation in different materials. The place
of damage accumulation is the potential starting point of
microcracks, and the weakening of the material on the micro-
scale begins with the creation of deformation fields and
finally appears as the creation of voids in the microstructure.

The voids observed in the SEM images (Fig. 1) show that
often in two-phase steels, the damage pattern starts from the
grain boundary of ferrite and martensite and its expansion
occurs in the soft ferrite matrix. If the microcrack propagates
and reaches the hard martensite grains, it either spreads along
the grain boundaries or divides the martensite grain into two
parts. If damage propagation is stopped by martensite grains,
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Fig. 2. Investigation of the intragranular and grain
boundary fracture pattern of martensitic particles at
applied load 0.15 pm

intergranular damage growth occurs and its propagation in
the microstructure is observed through grain boundaries,
otherwise, the intragranular fracture will occur in martensite
particles.

3- Results and Discussion

The capability of predynamics models in predicting the
initiation and propagation of the damage in different phases
and grain boundaries is one of the main strengths of this
method, which makes it different from other methods such as
the finite element method and molecular dynamics.

In this section, two representative volumetric elements
that are extracted from microstructural images are analyzed
and the damage pattern was obtained from peridynamics.
The pattern of damage propagation and multi-branching of
microcracks in a representative volumetric element is shown
in Figure 2.

An important parameter affecting the growth of intra-
granular or inter-granular damage is the amount of critical
stretch, which is different between ferrite, martensite,
and interphase of these phases. In this section, the effect
of changing the values of critical stretch on the pattern of
damage and intragranular or intergranular growth has been
investigated. Figure 2 shows the initiation and propagation of
damage in a model with different values of critical stretch in
ferrite and martensite.

4- Conclusions

Peridynamic non-local analysis not only shows that the
damage starts at the boundary between ferrite and martensite,
but also can investigate its propagation automatically in these
two phases. According to the values of critical stretch, the
growth path of microcracks is determined, which in one state
of damage is stopped by martensites (grain boundary growth)
and in another state leads to fracture and fragmentation of
martensite grains. In addition, with the increase of load, the
damage started from new points and the mechanical behavior
of the bonds also affects the predicted damage pattern.
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Fig. 3. The breakage of half of the interactions with the formation of cracks [22]
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Fig. 4. Flowchart of solving peridynamic problems by numerical method
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Fig. 5. Considering volume modification for points inside the horizon of another material point[22]
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Fig. 6. Arrays used to store the information of the points inside the horizon
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Fig. 7. Three standard ASTM E 466-82 pieces of DOCOL 600 DP steel prepared by wire cutting in
the direction of sheet roll
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Fig. 8. Preparation of test samples, a) cut sample, b) sample preparation for mounting
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Fig. 9. SC7620 device (mini sputter coater) and sample mounted and placed in vacuum
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Fig. 10. Images of particle distribution in the microstructure of dual phase steel DP-600 at scales of 15
and 50 micrometers
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Fig. 11. Experimental analysis of the damage and voids observed in the grain boundary and ferrite phase
(SEM images)
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Fig. 12. Types of failure and microcrack growth: a) intergranular, b) intragranular
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Fig. 13. Modeling process and numerical analysis: SEM images and failure pattern extraction based on
real microstructure
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Fig. 14. Representative volume element geometry under quasi-static loading, distribution of material
points and virtual boundary particles
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Fig. 15. Failure analysis: a, ¢) microstructural image, b, d) applied external load in the form of displacement
up to 0.12181 pm
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Fig. 16. Failure pattern in representative volume element with different number of points: a) 10000 mate-
rial points, b) 40000 material points, ¢) 62500 material points, d) 90000 material points
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Fig. 17. Investigation of the intragranular and grain boundary fracture pattern of martensitic particles: a, d) ap-
plied load 0.127 pm, b, e) 0.135 pm, ¢, f) 0.15 pm
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