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ABSTRACT

A discontinuous approach aimed at modeling the brittle fracture behavior of mesoscopic 100Cr6 (SAE
52100) steel specimens is presented in this work. The proposal accounts for explicitly considering carbide
particles and martensitic matrix in a metallographic image based mesoscale model. Two-dimensional
numerical tests are carried out for the mesoscale specimens including a temperature dependent elasto-
plastic matrix dealing with the martensitic/austenitic phases and the embedded elastic carbide particles.
A fracture damage-based interface constitutive rule is then employed for modeling the brittle behavior
occurring at the joint between both the carbides-to-matrix and the matrix-to-matrix interfaces. The
soundness and capability of the proposed formulation dealing with the quench cracking phenomenon
is demonstrated. Experimental tensile test results on a 100Cr6 steel in its martensitic phase, at room
and high temperature, are employed and the evaluation of microcracks formation during a High-
Speed-Quenching test is also discussed.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Fracture processes in metals dealing with the separation of a
body into two or more pieces due to external actions is a complex
phenomenon largely investigated in the literature [1]. Steps of frac-
ture are typically two: (i) crack formation and (ii) crack propaga-
tion. It is depending on the ability of the material to develop
deformations and plastic strains, before failure, that two fracture
modes can be defined. They are recognized in the literature as
“ductile” and “brittle” fracture [2]. On the one hand, brittle fracture
includes both cleavage phenomena and inter-layer/granular cracks
and separations. Brittle response is typically characterized by a low
toughness response of the material: the process accounts for rela-
tively small plastic deformations and the crack propagation is
highly unstable and rapid [3]. On the other hand, ductile fracture
deals with cavitation growing and extensive plastic deformation
ahead of cracking: fracture is more stable and capable to resist fur-
ther strains and displacements under applied stress with a remark-
able toughness and strain hardening response [4].

Plenty of investigations have gained increasing interest model-
ing the ductile fracture behavior in metals. Numerical models
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available in the literature tried to describe the ductile fracture,
mainly accounting for the processes typically occurring at the
microscopic standpoint; such as the nucleation, growth and coales-
cence of voids [5,6]. The majority of the proposals are classically
represented by a modified version or extension of a model origi-
nally developed by Gurson [7]. Based on this, Tvergaard and
Needleman [8] developed a constitutive model which accounted
for a damage accumulation induced by nucleation, growth and
coalescence of voids through suitable porosity-based internal
rules. This model is classical referred nowadays as the GTN
(Gurson-Tvergaard-Needleman) model and is typically employed
to describe both plasticity and ductile fracture in porous materials
and metals. Outstanding extensions of the GTN model have been
recently proposed for studying ductile fractures under high and
low stress triaxiality [9], for determining the forming limit curve
of anisotropic sheet metals [10] and for analyzing the edge crack
behavior of steel sheet in multi-pass cold rolling [11]. Further orig-
inal applications deal with the combination of the GTN model with
eXtended-FEM for investigating the crack propagation in ductile
materials [12] or a multiscale procedure where the constituents
of the nanocomposites were governed by the GTN damage crite-
rion [13].

Under micro and mesoscale levels of observation, the increasing
damage of the material gives rise to the development of
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discontinuous cracks, representing first order displacement dis-
continuities which, e.g. in some steels, can evolve at interfaces of
second phase particles and inclusions of the material under consid-
eration. These processes, developed without formation of plastic
(localized) strains, represent the brittle fracture case. The method-
ologies adopted in the literature for brittle fracture mainly fol-
lowed the so-called ”"local approach” which was originally
developed within the Beremin model [14]. Recent developments
in brittle and quasi-brittle failure assessment of engineering mate-
rials by means of local approaches have been outlined in [15]. The
application of a local approach for investigating the brittle fracture
of a reactor’s pressure vessel steel has been proposed by Forget
et al. [16]. The prediction of fracture toughness in ductile-to-
brittle transition region using combined Beremin model (for cleav-
age phenomena) and a continuum damage mechanics model by
Bonora et al. [17] (for ductile tearing) is reported in Moattari
et al. [18]. In addition, recent developments in the scientific com-
munity are represented by the application of the phase-field
method to the prediction of dynamic fracture of brittle and ductile
materials as figured out in [19,20].

On the other hand, it is highlighted that, despite of all research
made during the last decades on different materials and quen-
chants regarding residual stresses, distortions and cracking, the
generation and propagation mechanisms of quench cracks are still
not completely understood at microscopic level [21,22]. Moreover,
the quench cracking phenomenon has been deeply studied exper-
imentally [23-25], but also simulations have been used in order to
clarify it [26-28]. However, all the available studies in the litera-
ture were made at the macroscale, and no influence of the real
microstructure (carbides, segregations, etc.) has been taken into
account.

In this work, in the framework of the local approach, a mesos-
cale procedure is proposed for investigating the brittle fracture of
100Cr6 steel. The predictions of the numerical model are evaluated
at mesoscopic scale whereby martensitic/austenitic matrix and
carbides are differentiated. Furthermore, a fracture damage-based
interface constitutive rule deals with the modeling of the brittle
fracture behavior occurring at both joint types, meaning: the (i)
carbide particles/matrix and the (ii) matrix/matrix interfaces; hav-
ing a martensitic matrix only for the proposed tensile tests, and an
austenitic/martensitic matrix for the case of the quenching
problem.

Incorporating a new approach dealing with the quench cracking
considering the real microstructure of the material is the main con-
tribution of this work to the current state-of-the-art.

After the above introduction, the paper is organized as follows.
Section 2 outlines the procedure for the mesoscale geometry gen-
eration and the assumptions for analyzing the 100Cr6 steel speci-
mens. Section 3 summarizes the general formulation and basic
assumptions of the constitutive models employed in this paper.
Section 4 figures out an overview of the experimental campaign
and test data employed to calibrate and validate the model perfor-
mance. Then, Section 5 deals with the model calibration, numerical
results and comparisons. Finally, some concluding remarks are
presented in Section 6.

2. Mesoscale: main assumptions and geometry

The mesoscale approach proposed in this work deals with a
polygonal representation of coarse particles (carbides), which are
embedded in a surrounding matrix representing the austenitic/-
martensitic phase, in bearing steel specimens. The mesoscale
geometry was obtained from metallographic analyses performed
on the tested specimen and considering a region where a

microcrack was found. The detailed process is described in Sec-
tion 4 with further details.

The quenched 100Cr6 steel microstructure, shown in Fig. 1, is
considered in this study. Additionally, it is remarked that in order
to evaluate the mesoscopic behavior in a first attempt, as it has
been assessed by other researchers [29-31], an a priori representa-
tive geometry based on metallographic analysis has been selected
for the study.

In order to isolate the particles from the matrix, seeking to
obtain their distribution, position and the basic topology of the
polygons, five steps were followed. Those were:

1. Obtaining a micrograph of the 100Cr6 steel specimen with the
appropriate magnification and scale of interest.

2. Uploading the micrograph image into a raster graphics editor
software and, subsequently, selecting a region representative
of the mesoscale (considering the particles distribution).

3. Converting the mesoscale image (rastered in the above step)
into a binary file (in MATLAB®).

4. Extracting the interfaces between the two phases (carbides and
martensite) as a CAD file using a vector graphics editor
software.

5. Importing the CAD file (containing particles, matrix and inter-
faces) in the CAE software and creating the mesogeometry for
the numerical analyses.

The procedure above described allowed to recognize the two
phases under consideration, i.e., the martensitic matrix and car-
bides particles as can be seen in the micrograph of Fig. 1, where
the selected representative area of the quenched specimen (having
a dimension of 30 x 30 um?) is proposed. Starting from this
selected region of the micrograph (Fig. 2a), the generated high con-
trast image of the involved particles is presented in Fig. 2b.

The resulting black and white image (Fig. 2b) was then
imported in MATLAB® and converted to a square numerical matrix,
in which the matrix size corresponded to the horizontal and verti-
cal pixels defining the image. In each entry of the matrix an 8-bit
value containing the RGB color information of each pixel was
stored. After this, a binary conversion of the image was done
adopting "0” and "1” for the black and white colors, replacing the
pixel information in the composite specimen. As the image already
had high contrast between the phases, the threshold value was
automatically and easily defined by MATLAB® Image Processing
Environment.

Once the binary image was created, the carbides having a mean
diameter lower than 0.33 pm (approximately 0.09 um? or 29 pix-
els) were removed from the image. This permits to simplify the
mesoscale geometry and the subsequent mesh size of the problem
(see Fig. 3). It is worth mentioning that previous works [32,33] out-
line that very small carbides showed no influence on the mesoscale
fracture behavior for this same steel. Therefore, they are not con-
sidered in the current static and quenching mesoscale simulations.
Fig. 4 deals with a comparison between the original and modified
particles distribution. It demonstrates that no considerable pertur-
bation can be observed with the adopted modification. Particularly,
the original (with all carbides) and the modified (after removing
the aforementioned small particles) density distributions show
no significant difference among them.

Making use of a vector graphics editor the boundaries between
carbides and matrix were extracted from the binary image. The
vectorization of the original raster image was automatically per-
formed with good stability due to the high contrast between car-
bides and matrix. Thus, the resulting vector image containing the
borders was exported as a CAD file in the form of nonuniform
rational B-splines (NURBS) curves. Finally, from the splines objects
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Fig. 1. Chosen micrograph and selected area for image processing.

(using Abaqus®) different parts were created, one for each carbide
and several partitions of the corresponding matrix, in order to
define contacts in all these interactions (see Fig. 5), necessary to
capture arbitrary fractures in the mesoscale specimen through
the matrix.

Once the mesoscale geometry was obtained, the generation of a
Finite Element (FE) mesh for the simulation of the fracture behav-
ior of the considered heterogeneous material could be finally
performed.

3. Constitutive models involved in the numerical simulations

The constitutive models for the FE simulations of mesoscale
fracture in bearing steel specimens are presented in this section.
The main goal of this article is to model fracture processes based
on a discrete crack approach for both tensile tests and microcracks
generated during quenching, on the martensitic phase. For this
purpose, a general description of the quenching problem is
described in this section, since the tensile test simulation can be
considered as a particular case of this general coupled metallo-
thermo-mechanical problem.

3.1. Coupled metallo-thermo-mechanical equations of continuous
media

This section outlines the constitutive models of continuous ele-
ments accounting for coupled metallo-thermo-mechanical actions
occurring during quenching.

3.1.1. Heat conduction problem and phase transformation
The heat conduction equation, describing the body temperature
distribution, is given by

aT :
e 5p =V (kVT) + 4, (1)

being T the temperature, t the time, k = k(T) the temperature
dependent thermal conductivity, p = p(T) the density and
¢y = ¢p(T) the heat capacity. V- and V represent the divergence
and gradient tensor operators, respectively.

The latent heat of the phases transformation (source term) is
described through the following relationship

q, = ZAHi & (2)

with AH; the transformation enthalpy per unit volume of the i-th

phase and & the i-th phase transformation rate.
The (natural) boundary conditions at the surface are given by

2~ h(r-T,) 3)

where h is the heat transfer coefficient, T, the temperature of the
quenching medium and 9T/dn is the directional derivative of the
temperature in the outer normal direction.

The initial (temperature) condition for the whole part is given
by

T(t=0)=To. (4)

The martensitic transformation occurring during quenching is
accounted by means of the Koistinen-Marburger model [34] out-
lined in the following

m = ¢a(1 —exp[=b(Ms —T))) (5)

being ¢y and &, the martensite and austenite volume fraction,
respectively, Ms the martensite start temperature and b a material
parameter.

3.1.2. Thermo-mechanical problem
The mechanical behavior, considering the problem as quasi-
static, is governed through the following equilibrium equation

V.e+pb=0 (6)

where @ is the Cauchy stress tensor and p b represents the vector of
body forces.

During a heat treatment problem the strain rate equilibrium at
any point at a time t is given by
b =&+ + & + & +&f (7)
where &;, &, &, &f', & and &P are the total, elastic, plastic, ther-
mal, isotropic phase transformation and transformation plasticity
strain rate tensors (here expressed in components j), respectively.
A detailed explanation of their calculation and the numerical imple-
mentation is assessed in [35].
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(b) High contrast image of the carbides and matrix.

Fig. 2. Mesoscale geometry pre-processing.

A parenthesis is made in order to remark that the tensile tests
on martensitic specimens deal with sf]” =0 due to the constant
temperature, and éﬁ}t = éf}’ =0 since there are no phase
transformations.

Concerning the classical plasticity, a strain hardening transmis-
sion model regarding the so-called “memory effect” [36,37] has
been employed for the diffusionless martensitic transformation;
i.e. full memory is considered to exist.

Hence, the incremental stress-strain relation for the elasto-
plastic material model can be written as
& = Ej0u ®)

e L (6 aP _ ath _apt  atp
Gij = Eiua (80 — & — & — & — &)

being E the fourth-order elasticity tensor (and Ey its components).
The yield function ¢ is expressed as:

d):%s:sf(ay)z (9)

Fig. 3. Processed binary image containing carbides with a mean diameter larger
than 0.33 pm.
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being s the deviatoric stress tensor and g, = 0, (T, ¢,, &) the yield
strength calculated for the mixture of phases.

The classical associated flow rule is employed
. . O
p_ G 2F
&=/ 0 (10)
where the non-negative plastic multiplier, A, is derived starting
from the classical Kuhn-Tucker loading/unloading (Eq. (11a)) and
consistency (Eq. (11b)) conditions

1>20¢<0, ip=0 (11a)

i =0. (11b)
Lastly, the following power law is adopted to account for the
isotropic hardening of the austenitic and martensitic phases:

o, =K (@)" (12)

where K; and n; are the hardening parameter and the hardening
exponent of the i-th phase, respectively, and & is the equivalent
plastic strain.

3.2. Coupled thermo-mechanical equations of discontinuous interfaces

Heat transfer throughout interfaces and the coupled fracture-
based thermal model for brittle interfaces are outlined in this sec-
tion. The interface brittle cracking phenomena between the sur-
rounding martensitic phase and carbide inclusions and also
between matrix-to-matrix joints have been addressed by means
of fracture-based damage interface rules detailed in this
subsection.

3.2.1. Interface heat transfer
Heat transfer is governed by means of the following convective
rule for interfaces [38,39]

Gn = —hc[|AT]] (13)

based on the discontinuity assumption of the temperature field in
the contact pair

(AT =[[T"-T"[] #0 (14)

being h. the heat transfer coefficient, while T* and T~ are the
temperature at the + and — side of the considered interface.

3.2.2. Fracture and temperature based interface model for brittle
fracture
This section deals with the temperature dependent interface
formulations aimed at modeling brittle fractures. Uncoupled mode
I and II energy-based linear damage evolution rules are employed.
The relationship between interface stresses and crack opening
displacements is given by means of the following expression

w=u +a” +at
ul=c;'-t (15)
t=Cy- (-0 —uh)

where #t = [ity, ity]" is the rate of the interface relative displacement
vector, which is additively decomposed into the elastic, plastic and
thermal components, @, i and @™, respectively; ¢ = [y, 67" is
the stress rate vector, being gy and o the normal and shear com-
ponents, respectively. Moreover, C; defines the elastic stiffness
matrix,

. kN 0
C;=d.C th C= 16
’ wi (0 kT) (16)

where ky and kr are the interface normal and tangential elastic stiff-
ness, respectively, and d. a temperature-dependent scalar
parameter.

Following the original proposal by Willam et al. [38], it is
assumed that the temperature field can exhibit a jump across the
interface due to a strong discontinuity of the interface normal kine-
matic. The rate of the relative joint displacements due to thermal
effects, i, is assumed to be linearly related to the rate of the tem-
perature jump across the interface, AT, through the following
relationships

i = ol | ATH
. 17)
il = of | ATH

being o? the coefficient of superficial thermal expansion while the
norm of the temperature jump (in the interface plane) is indicated
as [|AT|] = [|T* = T"|] (T" and T~ are the temperature at the + and
— interface sides).

One-dimensional plasticity rules have been considered for the
uncoupled normal and shear interface behavior. Particularly, in
case of isotropic hardening, the yield condition takes the following
form

fp=loyl = (045 +Qy) <0 (18)

being g, (with # = “N” or “T” accounting for the normal or tangen-
tial components) the interface stress component, o, the initial
yield stress and Q, the internal softening variable in post-
cracking regime.

The evolution law of Q is defined according to the following
relation

Qs = J4H, (19)
while that of the plastic displacement rate results
U = 140f /004 = iysign[o ] (20)

being /.. the plastic multiplier and H is the softening modulus.
Finally, the constitutive stress-interface displacement relation-
ship can be written as

oN kP 0 (ilN >

. =d. (" . 21
< or ) ! ( 0 k¥ J\ir @1
where the elastoplastic continuum tangent moduli k;f, under load-
ing post-cracking regime, take the form (Fig. 6)

ky-H
ep 4 #
ks T ky+Hy (22)

4. Experimental input

This section summarizes some experimental data considered as
a benchmark with the aim of evaluating the capability and sound-
ness of the proposed model. Particularly, the numerical procedure
outlined in Sections 3, 5.1 and 5.2 needs to be validated in its abil-
ity to simulate brittle mesoscale fracture processes under both
mechanical and coupled thermo-mechanical conditions.

4.1. Material

Experimental data, dealing with 100Cr6 steel specimens, was
obtained at the Stiftung Institut fiir Werkstofftechnik in Bremen
and reported in the framework of the SFB-570 project [40] in
[41,42], among others. Material properties are next summarized
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Fig. 6. Interface stress-crack opening relationships.
Table 1
Properties of the 100Cr6 steel. Coefficients of the temperature adopted according to the polynomial regression y =ap +a; T+ --- +a, T" by [41].
Property Phase dp a; a; as ay
Thermal conductivity [W m-1 °C~'] Martensite 4.355E+01 —1.600E—03 —4.180E—05 1.820E—08
Austenite 1.460E+01 1.270E-02
Specific heat capacity [J ke™! °C'] Martensite 4.220E+02 9.310E-01 —2.140E-03 2.640E—06
Austenite 4.540E+02 3.880E-01 —3.220E-04 1.100E-07
Enthalpie [] kg '] Martensite 3.820E+03 4.220E+02 4.660E—01 —7.130E—04 6.600E—07
Austenite 8.180E+04 4.540E+02 1.940E-01 —1.070E-04 2.750E-08
Density [kg m—3] Martensite 7.770E+03 —2.530E-01
Austenite 8.041E+03 —5.740E-01 2.600E-05
Young’s modulus [MPa] Martensite 2.1424E+5 —8.285E+01
Austenite 2.6693E+5 —2.213E+02
Poisson’s coefficient [-] Martensite 3.440E-01 1.000E-04
Austenite 2.230E-01 2.500E-04
Hardening exponent [-] Martensite 1.278E-01 8.449E-05
Austenite 1.092E-01
Hardening parameter [MPa] Martensite 5.724E+03 —6.760E+00
Thermal expansion [107% °C™'] Martensite 1.090E+01
Austenite 2.380E+01
in Table 1. Additionally, the transformation parameters of Eq. (5) &
are Ms = 211 °C and b = 0.01071. . =
Carbides properties were adopted based on [43] by averaging o
the properties of the different existing particles in this steel (Fe, =
Cr); C type [44,45]). According to this, the considered elastic r

Young’s modulus and Poisson ratio are E.=325GPa and
ve = 0.273, respectively.

4.2. Experimental setup

Two kinds of results are simulated and compared in Section 5.
On the one hand, tensile tests on martensitic state were performed
at both Room (RT) and high temperature. On the other hand, a
High-Speed Quenching test on a cylindrical specimen was
performed.

4.2.1. Tensile tests

Tensile tests for the martensitic phase were realized at both RT
and 200 °C. Specimens with a geometry according to Fig. 7, were
firstly gas quenched in a vacuum system, then in a second time
cooled down in liquid nitrogen (in order to transform possible
remaining retained austenite) and finally tempered for 2 h at
180 °C. Prior to the high temperature test, the specimen was
heated in a furnace for 10 min. The tests were performed in an
Inspekt 100® machine from Hegewald & Peschke®. The considered

| 50

Fig. 7. Tensile test specimen and geometry.

tensile strain rate, for all cases, was 4 x 1073 s—1. Further details of
the experimental campaign have been deeply discussed by Acht
et al. [41].

4.2.2. High speed quenching test

A cylindrical specimen with a diameter d = 25 mm and length
=150 mm was tested in a High-Speed Quenching facility
(Fig. 8). Water at room temperature was used as quenchant. The
flow was axial to the specimen in the top-down direction. The
pumped flow was 16 1/s, which results in a heat transfer coefficient
h = 35 kW m~2 K! [46]. It is worth noting that there is no temper-
ature dependency of the heat transfer coefficient for this kind of
process. This is grounded in the fact that the large quenchant flow
(mean velocity in the range of 5-10 m/s) causes a convective heat
transfer mechanism only, i.e. no film nor nucleate boiling stages
are observed, as commonly occurs in immersion quenching [47].



160 D. Said Schicchi et al./ Theoretical and Applied Fracture Mechanics 90 (2017) 154-164

furnace
°C

Fig. 8. Schematic test set-up of the High-Speed Quenching facility.

The heating was performed in a furnace located just above the
cooling device. When austenitizing was finished (900 °C for
50 min), the specimen was rapidly moved down into the center
of the quenching device. As soon as the specimen reached its right
position, the water flow (up to this point bypassed into the tank)
along the quenching device started. A cap of the same base diam-
eter of the specimen was used for flow guidance in order to avoid
vortex formation at the top of the probe. Further details of the
quenching tests are omitted for the sake of brevity, however a deep
discussion of the test set-up and results are reported in Said Schic-
chi et al. [32].

5. Numerical results and comparisons

The numerical examples presented in this section are intended
to demonstrate the model capability of capturing the quench
microcracking phenomenon based on a discrete-based mesoscale
approach. With this purpose, the simulations for tensile tests are
firstly discussed. The obtained results, and the concerning model
calibration of the discontinuous constitutive model, are then used
on the second part of this section, i.e., for the mesoscale quenching
problem.

The mesh of the mesoscale geometry (in all the calculations)
was formed by 8484 nodes and 6077 3-node linear (generalized
plane strain) elements (see Fig. 9). Carbide particles, having a mean
diameter lower than 0.43 pm (approximately 0.15 um? or 50 pix-
els), were embedded into the surrounding 100Cr6 matrix. Particu-
larly, the nodal degrees of freedom of the carbide elements were
eliminated and constrained to the interpolated values of the corre-
sponding surrounding nodes belonging to the matrix element. This
technique allowed to simplify and reduce the size of the mesh.

5.1. Tensile tests on martensitic state at room and high temperature

In this section, the predictions of the mesoscale model proce-
dure for brittle steels are evaluated whereby martensite matrix
and carbide particles are numerically differentiated. The mesoscale
geometry above described is employed for investigating the
mesoscale fracture behavior of tensile tests against experimental
tests reported in Section 4.2.1. A convex polygonal representation

0 o o o O

>
>

Fig. 9. Schematic representation of the mesoscale mesh and boundary conditions
for the tensile test problem.

of the particles was adopted and symmetry was assumed in the left
and bottom sides of the geometry while a displacement-controlled
loading was imposed in the top surface of the probe (see Fig. 9).

The continuous matrix material properties correspond to the
above described in Section 4.1. Then, continuum carbide elements
were assumed as linear elastic, whereas all fracturing non-
linearities were considered through both the continuous matrix
and the zero-thickness interface elements. The latter are defined
throughout the adjacent edges of the continuous elements. Non-
linear constitutive rules were introduced in those elements accord-
ing to the formulations outlined in Section 3. As result of the model
calibration, the mechanical parameters of the discontinuous rules,
employed in the numerical evaluations, are summarized in Table 2.
These are next used in the quenching calculation in order to
account for the failure in the martensitic state. Further, the tem-
perature dependent normal interface stiffness ky, for both the aus-
tenitic and the martensitic phases, was assumed proportional to
the Young’s modulus (Table 1) of each phase, and estimated divid-
ing the respective values by a coefficient representing the “inter-
face thickness” (0.01 mm in this case). Additionally, based on
experimental results, it is considered that the failure starts in the
martensitic phase. This is the main reason why the joint behavior
for the austenitic phase is assumed as linear elastic and no value
for the specific fracture energy is reported.

Figs. 10 and 11 illustrate the cracked configurations at several
stages as obtained in the numerical tests at room and high temper-
ature. On the one hand, failure process led to only one macro-crack
for the case of tensile tests at RT. It can be observed that in this case
the crack evolved in an almost horizontal direction (mode I type of
fracture) and only small inclined crack paths can be found as result
of the explicitly defined mesostructure of the specimen. On the
other hand, two (and less pronounced) cracks can be recognized
for the tensile tests at high temperature. Macro-cracks in both
examples were predominant in post-elastic softening regime and
their evolution tried to evolve along inclusion-matrix interfaces,
which in fact represent the weakest part of the specimen.

Finally, numerical results in terms of true stress and strain con-
firmed the predictive capacity of the model formulation for analyz-
ing the tensile response of 100Cr6 (SAE 52100) steel specimens
regarding both failure behavior and failure modes.

5.2. Quench cracking numerical tests

A numerical approach with its main focus placed on the study of
microcracks formation influenced by second phase particles was
introduced by some of the Authors in [32,33,48] and it is here
slightly modified in order to work with the current mesoscale
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Table 2

Calibrated parameters for the zero-thickness interface elements in tensile tests. The temperature range [300-900 °C] corresponds to the austenitic phase.

Temp. [°C] ky [Pam™1] kr [Pam™'] ons [MPa] ory [MPa] G/ =/ [Pam™]
20 2,12 x 107 1.06 x 107 2490 1245 150
200 2.00 x 107 1.00 x 107 1750 875 150
300 2.00 x 107 1.00 x 107 - - -
400 1.78 x 107 8.90 x 106 - - -
500 1.56 x 107 7.80 x 10° - - -
600 1.34 x 107 6.70 x 10° - - -
700 1.12 x 107 5.60 x 106 - - -
800 9.00 x 10° 450 x 10° - - -
900 6.80 x 10° 3.40 x 10° - - -
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Fig. 10. Tensile test at room temperature of 100Cr6 in martensitic state.

model. The main difference lies in the method employed to
account for the fracture modeling. In particular, the original pro-
posal adopted the discontinuous X-FEM technique for capturing
cracks and/or displacement jumps into the mesoscale specimen;
contrarily in this work the discrete approach is based on the use
of zero-thickness interfaces. Nonetheless, the main strategy of
the thermo-mechanical coupling, macroscale calculation and all
other aspects concerning the original model are summarized as
follows:

e Firstly, a FE based macroscopic simulation of the High-Speed-
Quenching process is done with a 2D-axisymmetric model
(same radius and half the length of the specimen is considered
due to symmetry).

e Secondly, based on the above macroscopic simulation, numeri-
cal results corresponding to stress tensor components, the
martensitic/austenitic phase fraction and temperature evolu-
tion in time are extracted and stored in a text file for the
selected locations.

e Lastly, the FE mesoscale analysis is performed using the
extracted curves as boundary conditions in the adopted mesos-
cale geometry.

o
0.000 0.002 0.004 0.006 0.008
True strain [-]

e =10.01012

0.010 0.012

& =0.000

e =0.01031

£ =0.0025 £=0.0054

£ =0.01033 € =0.01034

e =0.0079

£ =0.01035

e =0.01032

Fig. 11. Tensile test at high temperature (200 °C) of 100Cr6 in martensitic state.

A general scheme of the above described strategy can be seen in
Figs. 12 and 13. However, further details can be found in the work
by Said Schicchi et al. [32].

It is worth noting that the results discussed in the original pro-
posal [32] and further works [33,48] were really satisfactory.
Nonetheless, as it was briefly discussed in the introductory section,
despite of all the research made during the last decades the quench
cracking phenomenon is still not fully (microscopically) under-
stood. That been said, the Authors believe that is really important
to increase the efforts in this field, incorporating different tech-
niques and approaches in order to gain a better understanding of
this failure mode in a lower scale of analysis (micro, meso and mul-
tiscale ones).

The chosen location for the analysis, shown schematically in
Fig. 12, corresponds to the surface region in a section located at
15 mm from the bottom plane of the cylindrical specimen. Fig. 1
shows a micrograph of this area, from which the mesoscale geom-
etry was constructed. Here is appreciated as well a microcrack con-
necting big carbides. This location is the one where curves were
extracted from the 2D macroscopic axisymmetric simulation.
Then, for the mesoscale analysis, the temperature and phase frac-
tions were imposed in time in the whole geometry. Therefore, only
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Fig. 12. Schematic representation of the 2 stage model strategy.
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Fig. 13. Implemented two-scale solution scheme.

a mechanical problem needs to be solved, using minimal kinemat-
ical constraints (or uniform boundary traction) for the displace-
ment problem, where the (extracted) curves of the stress tensor
components govern the mesoscale deformation. This condition is
given by [49]:

ou(y,t)-ny) =o(t)-nly) vyel, (23)

being 6, the microscopic stress tensor, n the unit normal vector, y
the local coordinate in the boundary I, of the mesoscale geometry
and ¢ the macroscopic stress tensor.

As result of these analyses, Fig. 14 presents the equivalent plas-
tic strain field in the matrix material. Particularly, Fig. 14a high-
lights the clear effect of the particles (specially the larger ones)
which act as notches. The observed values are accurately extre-
melly low, as it is expected for the heating part of the thermal
cycle. Fig. 14b reports the final values after quenching and it can
be observed the strong effect of the larger particles, concentrating
plastic strains in their surrounds. The peak value as shown in
Fig. 14b is close to 6%, however this is a local value at a single Gauss
point hard to visualize in plain view. Mean value for the plastic
strain is ~ 2.5%, which is a perfectly reasonable value for the
matrix hardening. Particularly, the diagonal bottom-left to up-
right exhibits small darker zones with values between 3 and
3.5%. The interaction between particles is observed as well in both
cases.

Finally, concerning the fracture response, the damage variable
after quenching of the Interface Elements is presented in Fig. 15.
The affected zones are in direct correspondence with the locations
where larger plastic flow was reached. The propagation of damage
across interfaces connecting carbides is also observed in the central
region, representing the microcracks in the proximity of large par-
ticles and also connecting some of them. These results actually
demonstrated the phenomenological capabilities of the mesoscale
approach to reproduce qualitatively expected failure (microcrack-
ing) during quenching processes. The non-linear model is able to
capture the influence of the inclusions on the overall complex
thermo-mechanical response.

6. Concluding remarks
In the context of brittle fracture modeling, a discrete crack

approach was used in this paper to simulate the failure behavior
of a bearing steel in martensitic state. Tensile tests at both room



D. Said Schicchi et al./ Theoretical and Applied Fracture Mechanics 90 (2017) 154-164 163

(b) After quenching.

Fig. 14. Equivalent plastic strain field.

Fig. 15. Zones with localized damage after quenching: limits 0 and 1 deals with
non-damaged and fully damaged interface states, respectively.

and high temperature and the quench microcracking evolution in a
High Speed Quenching test were analyzed by explicitly considering
the direct influence of carbide particles and the consequent
mesostructure of 100Cr6 (SAE 52100) steel specimens.

A series of final remarks can be drawn out on the basis of both
the model formulation and the proposed applications:

e Metallographic image analyses have been used as tool for gen-
erating the mesoscale geometry of the multiphase materials
under consideration. Geometry aspects, such as shape and size,
and distribution of carbide particles were explicitly taken into
account with this approach, contrarily to more classical
assumptions based on a random distribution of particles (often
adopted in available examples of the scientific literature).

e The proposed mesoscale formulation takes into account the
composite nature of some brittle materials and the contribu-
tions of their various constituents and phases. This formulation
is intended as a key element to be possibly employed in numer-
ical models aimed at explicitly simulating the multiphase
mechanical behavior of fragile metals.

e The fracture response of the martensitic phase (both at room

and high temperature) was well captured by the proposed

numerical procedure. The localized damage, initiating at second
phase particles, permits to analyze cracking propagation
through the matrix material up to the final failure stage.

The overall results of the proposed two-stage simulation of the

quench cracking problem under High-Speed-Quenching condi-

tions showed qualitatively consistency against experimental
observations in terms of the generated damage in the surrounds
of the carbide particles.

The proposed modeling procedure presented in this article
results in a good numerical tool which may be further utilized in
order to better understand the mechanical behavior and fracture
response at the mesoscopic level of 100Cr6 steel, but also other
multiphase materials fracturing in brittle manner. Furthermore,
this work represents a novel contribution concerning the quench
cracking problem, where there are not currently many available
models in the literature which consider the explicit mesoscopic
constitution of the material.

Further developments are currently ongoing for better under-
standing the physics of the mentioned phenomena. Particularly,
in this investigation a region of a micrograph was employed to
generate the mesoscale geometry of analysis. The authors are cur-
rently evaluating the influence on the predictions of different sizes
of geometries and different spatial arrangement of heterogeneities
as well, following the presented mesoscale approach, and also
within the framework of a proper multiscale fracture model under
development. In addition, a 3D extension of the present model is
also under study looking to avoid the strong assumption of the
generalized plane strain simulation made in this work. Moreover,
a combined FE - phase field approach to simulate the microstruc-
tural evolution during the austenite-to-martensite transformation
is planned seeking to study the local effects at the interface
between phases. This would allow to better study the effect of
retained austenite. Further investigations are also ongoing describ-
ing the bond effect between carbides and matrix materials. All
these aspects represent the straightforward extension of the model
here proposed.
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