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Damage and Failure 
analysis –

microstructure 
heterogeneities 

stress intensifiers, 
nucleation and 

growth of cracks

Hot cracking behavior and mechanism of a third-generation
Ni-based single- crystal superalloy during directed energy
deposition

https://doi.org/10.1016/j.addma.2020.101228 
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Hot cracking behavior and mechanism of a third-generation
Ni-based single- crystal superalloy during directed energy
deposition

https://doi.org/10.1016/j.addma.2020.101228 
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Hot cracking behavior and mechanism of a 
third-generation Ni-based single- crystal
superalloy during directed energy
deposition

https://doi.org/10.1016/j.addma.2020.101228 

Stray grains (SGs) 

Low-angle grain boundaries (5°< LAGBs <15°) 

Low-angle grain boundaries (HAGBs ) 
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Hot cracking behavior and mechanism of a third-generation Ni-based
single- crystal superalloy during directed energy deposition

https://doi.org/10.1016/j.addma.2020.101228 
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Damage and Failure analysis –
microstructure heterogeneities stress 

intensifiers, nucleation and growth of cracks
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The addition of a solute to a metal lattice 
will suppress the plastic flow whenever the 
resulting solid solution changes from that 
of a random distribution to that of short –
range order and finally to long-range order. 

The mechanical behavior of alloys is heavily
influenced by the segregation of elements
and atomic ordering within single-phase
regions. Short-range ordering (SRO) 
describes the preferential local ordering of
elements within a lattice, over spatial
dimensions that are typically on the order
of a few nearest neighbor spacings.

https://advances.sciencemag.org/content/5/12/eaax2799

https://doi.org/10.1016/j.actamat.2016.05.031

Short-range ordering (SRO) 

https://doi.org/10.1016/j.actamat.2016.05.031
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long-range order
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Anisotropy 
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Anisotropy 
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Anisotropy 
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Anisotropy 
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Damage
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Microstructural parameters that influence the resistance are: the hardness, morphology,
size, volume fraction and distribution of the second phase; and properties of the matrix
and the matrix-precipitate interface.

Wear
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(i-) hard precipitates lower than the width of the scratch track were pushed and removed
with the chip formation; they did not act to enhance the material removal resistance;
(ii-) hard precipitates higher than the track width, considering constant normal load, tend to
reduce the local depth of penetration and width; they were not easily removed, and they
strongly acted on the material removal resistance.Wear

Numerical simulation by FEM of scratch tests: von Mises stress fields that allow analysing the effect of
the size of second phase particles when compared to the abrasive size.
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Damage

Damage models allow predicting the damage evolution of materials at the time until the macrocrack

onset, based on the resulting functions of the stress and strain fields. For metallic alloys, the damage

particularly derives from nucleation and coalescence of microcracks and voids (LEMAITRE, 1984).

Damage calculations and predictions can follow two ways described by the interaction between
constitutive equations and damage models:
(i-) uncoupled damage in the numerical simulation – the stress and strain fields initially calculated (based
on known geometry, material constitutive equations and applied loadings) are considered inputs of the
new simulation that can map the damage areas.
(ii-) coupled damage in the numerical simulation – this approach tends to better reproduce the behavior
of the materials, since the damage field immediately influences the stress and strain fields
(simultaneously). According to Lemaitre (1984), the main property responsible for this effect is the
stiffness or the elastic modulus of the materials.
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Schematic representation of the uncoupled analysis of the damage 
model.
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Schematic representation of the coupled analysis of the damage model.
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Stress-strain curve for an elastic-plastic material, in which the cumulative damage
can be studied.

References: (TKAYA et al., 2007; SIMULIA, 2016).

The phenomenological 
description of the cumulative 
damage for materials is given by 
a damage scalar parameter (D), 
which is dependent on the 
stress and strain states, strain 
rate and temperature. 

When D is equal to 0, no 
damage is presented, and when 
D is of about 1, the material 
fracture occurs (LEMAITRE, 
1984; LAPOVOK; SMIRNOV; 
SHVEYKIN, 2000).
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Damage Evolution

Linear Elastic Fracture Mechanics
A nonductile material has a very low capacity to deform plastically; that is, it is not capable of relaxing peak
stresses at crack-like defects. 

Here, σc is the critical far-field or uniform stress (i.e., the stress at
fracture), a is the crack length corresponding to σ c , (σ max )c is the
stress at the crack tip at fracture, and ρ is the root radius at the
tip of the crack 
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Crack Propagation with Plasticity
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The material at the tip, however, presents resistance to crack growth. We
denote this inherent material resistance by KR (sometimes the symbol R alone
is used in place of KR.) The discipline of fracture mechanics can then be
represented by a triangle as shown :

Interplay among the following three quantities: 

1. The far-field stress, σ.
2. The characteristic crack length, a.
3. The inherent material resistance to cracking, KR. 
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K is the stress intensity
factor for the plate and
has the units (N/m2) 
√m, or Pa√m, or
Nm−3/2. 
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Plastic-Zone Size Correction
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Dugdale - BCS
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Plastic-Zone Size Correction
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Plastic-Zone Size Correction
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Variação da tenacidade à fratura com a espessura
Estado plano de tensão ou de deformação

O estado de tensões elástico é
influenciado pela espessura da placa. O
material se deforma e o volume é
mantido constante. Grandes
deformações em x1 e em x2 levam à
uma diminuição na deformação x3
(paralela à frente de propagação da
trinca). A relação entre a zona plástica e
a espessura da placa é dada por:
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r
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Parâmetros de tenacidade à fratura 

Força para extensão da trinca G (Irwin)

Antes da propagação da trinca a energia
potencial armazenada é dada por:

Após a propagação da trinca a energia
potencial armazenada é dada por:

onde
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Parâmetros de tenacidade à fratura 

Força para extensão da trinca G
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Parâmetros de tenacidade à fratura 

COD – Crack opening displacement

A ocorrência de deformação plástica na ponta da trinca resulta em uma
deslocamento das duas partes da trinca sem que haja propagação da mesma.
Esse deslocamanto é chamado de “crack opening displacement”. dc seria o
valor crítico dessa “abertura”.
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Parâmetros de tenacidade à fratura 

COD – Crack opening displacement

Tomando a dedução de Irwin para a zona plástica, o CTOD seria o
deslocamento das faces da trinca (q=180o) para uma distância r=ry da ponta da
trinca de comprimento a.
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Parâmetros de tenacidade à fratura 

Integral J
A integral J dá o valor da energia necessária à propagação de uma trinca em
uma material elasto-plástico.

Em uma sistema fechado (contorno G), um corpo submetido à esforços externos
terá tensão internas relativas à esses esforços. Pela teoria da conservação de
energia a integral J será zero para este sistema fechado.
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Parâmetros de tenacidade à fratura 

Integral J

A energia ao longo de dois caminhos diferentes tem o mesmo valor. A integral J
ao longo da trinca é independente do caminho. A integral J entorno da trinca é
igual a mudança de energia potencial para a propagação da trinca da. Para um
corpo de espessura B tem-se:
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Parâmetros de tenacidade à fratura 

Integral J

A integral J é limitada ao início de propagação da trinca seja de forma estável
ou instável.
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Parâmetros de tenacidade à fratura 

Curva R

A curva R caracteriza a resistência do material à fratura durante a propagação
da trinca de forma lenta e estável.

Com o aumento da carga a força para a propagação da trinca G na ponta da
trinca aumenta e a resistência a à propagação da mesma R aumenta. A fratura
ocorrerá quando:
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Parâmetros de tenacidade à fratura 

K (fator de intensificação de de tensão),

G (força para propagação da trinca),

J (balanço energético) ,

d (COD e CTOD crack opening displacement),

R

Estado plano de deformação
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STATISTICAL ANALYSIS OF FAILURE STRENGTH 
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Hard and superhard materials are essential for a myriad of scientific, biomedical, and
industrial applications. Their ability to resist indentation stems from the relationship
between the crystal structure, chemical composition, and microstructure. 

Hard and superhard materials: A computational perspective 

Indentation measurements progress through two stages; the first response measured
upon indentation is elastic deformation (reversible) followed by plastic (irreversible) 
deformation. The Young's (E) mod- ulus can be extracted from the elastic behavior of
a material during the reversible stage. 

There are three different categories of indentation: macroindentation, 
microindentation, and nanoindentation. 

http://dx.doi.org/10.1016/j.jssc.2018.10.048 
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Analyzing the different types of indentation
techniques highlights the fact that each
approach measures a range of length scales
and probes distinct deformation
mechanisms making the hardness values
incomparable. 

Tables to convert the values obtained using
different hardness method measurements
exist; however, the conversion is not always
reliable because the stress-states based on
each indenter causes various deformation
modes making any comparison qualitative at
best. 

http://dx.doi.org/10.1016/j.jssc.2018.10.048 

Hardness
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One of the most significant challenges in using computation to develop a material 
with outstanding resistance to deformation is the fact that hardness is clearly not a 
fundamental property.

Hardness, in fact, represents a collective response of atoms on an arbitrary scale
that depends on the measurement technique. 

The material's microstructure, grain size, grain boundaries, secondary phase hard-
ening, inhomogeneities in composition, dispersion of the impurities, and structural
defects significantly influence the hardness and must be considered. 

The fact that hardness measurements are also sensitive to the deformation history
of a specimen, meaning residual stresses are shown to dramatically influ- ence
these measurements, especially in metals

Hardness



PMR 5251

Izabel Machado – machadoi@usp.br 59

Mechanical properties 

Hard and superhard materials: A computational perspective 

http://dx.doi.org/10.1016/j.jssc.2018.10.048 

Modeling indentation and hardness through molecular dynamics 

The advancement of computational codes and resources now allows highly-parallel molecular dynamic
simulations. 

MD simulations have been essential in establishing the relationship between mechanical properties and the
microstructure. 
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Mechanical properties 

Hard and superhard materials: A computational perspective 

http://dx.doi.org/10.1016/j.jssc.2018.10.048 

Empirical and semi-empirical approximations of intrinsic hardness

An approximation for hardness stemming from a more atomic
definition of the bond strength was also derived based on Eq. 
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Mechanical properties 

Hard and superhard materials: A computational perspective 

http://dx.doi.org/10.1016/j.jssc.2018.10.048 

Bulk (B)  and shear modulus (G) 

Bulk modulus still plays a 
significant role in the
exploration of superhard
materials because it is also
clear from Fig. 4 that all of
the known superhard
materials are 
ultraincompressible, 
whereas there are no 
examples of a compound
with low B being superhard.
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Mechanical properties 

Hard and superhard materials: A computational perspective 

http://dx.doi.org/10.1016/j.jssc.2018.10.048 

Discrete Fourier	transform -With the formulation of DFT-based methods to estimate
intrinsic hardness, these models have been combined with efficient, evolutionary-based
structure searching methods capable of identifying entirely
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Mechanical properties 

Hard and superhard materials: A computational perspective 

http://dx.doi.org/10.1016/j.jssc.2018.10.048 

Unfortunately, conventional
mathematical models to understand
the behavior are typically
unsatisfactory due to the complexity
of the nature of flow behavior of
metal alloys during hot deformation
at high temperature and strain
rates. Research has attempted to
solve this problem using a 
feedforward backpropagation
artificial neural network (ANN) to
model the flow stress of 42CrMo 
steels

Informatic-based approaches to predict mechanical properties
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Mechanical properties 

Hard and superhard materials: A computational perspective 

http://dx.doi.org/10.1016/j.jssc.2018.10.048 

Investigating the role of defects on hardness from first principles

Structural defects significantly influence
the mechanical properties of solid-state, 
inorganic materials. Structural defects are 
categorized as point defects such as 
vacancies and interstitials, line defects
including dislocations and grain
boundaries, and volumetric defects like
voids and pores. Dislocation and grain
boundaries, in particular, are a 
fundamental component of most
deformation mechanisms and have been
studied for decades
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Mechanical properties 

Hard and superhard materials: A computational perspective 

http://dx.doi.org/10.1016/j.jssc.2018.10.048 

Investigating the role of defects on hardness from first principles

Vacancies can influence the intrinsic
hardness of materials in different
ways. It is experimentally observed
that hardness and elastic moduli of
transition metal nitrides (TiNx, 
ZrNx, and HfNx) deteriorates as 
vacancy concentration increases; 
however, the hardness of transition
metal carbides such as NbCx and
TaC x increases as the function of
vacancy concentration. 
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Mechanical properties 

Hard and superhard materials: A computational perspective 

http://dx.doi.org/10.1016/j.jssc.2018.10.048 

Taken from - Vinitskii I. “Relation 
between the properties of 
monocarbides of groups IV–V 
transition metals and their carbon 
content.” Powder Metall Met 
Ceram1972;11:488–93. 
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Evaluation of abrasive
mechanisms in metallic alloys
during scratch tests: a numerical-
experimental study in micro-scale

Vanessa Seriacopi Thesis

Hard and superhard
materials: A computational
perspective 
Aria Mansouri Tehrani, Jakoah Brgoch
http://dx.doi.org/10.1016/j.js
sc.2018.10.048 
⁎


