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Carbide particles play an important role for the fracture toughness of ferritic steels in
the ductile-brittle transition (DBT) region as cracks mainly originate from a broken or
debonded carbide. It is well-known that the size, volume fraction, strength and distribution
of carbides are relevant for the competition of ductile and brittle mechanisms of failure. In
the present study, the influence of the carbide strength and carbide-ferrite interaction on the
fracture toughness of ferritic steel in the DBT regime is investigated by a micromechanical,
deterministic FEM model. The carbide particles are resolved discretely in the fracture
process zone at the crack tip. Cleavage of ferrite, of carbides and debonding of the carbideferrite interface are modeled by cohesive zones. The simulated fracture toughness in the
DBT do compare well with experimental data from literature demonstrating the capability
of the model to capture the competition of the various microscopic mechanism.
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Nomenclature

Geff

effective shear modulus of homogenized
material

Gm

shear modulus of matrix phase

Gp

shear modulus of particle phase

J

J-integral

JIc

fracture initiation toughness

Keff

effective bulk modulus of homogenized material

A

void nucleation pre-factor

A0

radius of boundary layer

∆a

effective crack length

cs

speed of shear waves

E

Young’s modulus

f

void volume fraction

f˙g

rate of void growth

KI

far-field stress intensity factor

f˙n

rate of void nucleation

Km

bulk modulus of matrix phase

fN

void nucleation constant

Kp

bulk modulus of particle phase
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Γ0M

cohesive work of separation of ferritic matrix

Γ0P

cohesive work of separation of carbidle particle

Γ0PM

cohesive work of separation of paticlematrix interface

σc

cohesive strength

Wirem remaining width of ith ligament

σe

von Mises equivalent stress

W0

initial ligament width

σm

hydrostatic stress

δ

cohesive separation

σcM

cohesive strength of ferritic matrix

δ0

critical separation

σcP

cohesive strength of carbide particle

ε̇pl
v

rate of volumetric plastic strain

σcPM

Γ0

cohesive work of separation

cohesive strength of paticle-matrix interface

Lx

weighting factor of effective crack growth

N

hardening exponent

qi

GTN parameters

sN

void nucleation constant

X0

average distance between carbide particles

Wi

current width of ith ligament

1 Introduction
In the range of room temperature, ferritic steels possess excellent fracture properties. For this reason,
these materials are often used for pressure vessels, compressors and steam generators of nuclear power
plants [1].
The reason for the high fracture toughness is the ductile mechanism of nucleation, growth and coalescence of voids, which requires a large amount of plastic deformations. In contrast, at low temperatures
(and/or increased rates of loading), ferritic steels fail by cleavage. This mechanism dissipates considerably less energy and the fracture toughness is considerably lower than in the ductile regime, which
is why cleavage is associated with a macroscopically brittle behavior. In the ductile-brittle transition
regime (DBT) the ductile mechanism and cleavage compete.
The DBT is driven by an increasing resistance to dislocation motion with decreasing temperature
resulting in an increasing yield stress. Consequently, plastic deformations require higher yield stresses
which favor cleavage. Typically, cleavage initiates at local stress concentrators like grain boundaries
or defects. For this reasons, in the DBT the microstructure has a strong influence on the macroscopic
fracture properties. In particular, it is well-known that carbide particles at grain-boundaries play an
essential role for the DBT of ferritic steels, see Fig. 1.
Due to its relevance in engineering applications, models have been developed to describe the loss of
toughness in the DBT. The most prominent models are the probablistic weakest-link model of Beremin
[2] and the deterministic Ritchie-Knott-Rice model (RKR model) [3]. Both approaches have experienced
numerous modifications. For an overview, the reader is referred to the review article [4]. All approaches
provide criteria for fracture initiation based on relatively simple idealizations of the mechanism of
cleavage initiation. In the literature, in particular the Beremin model was combined with models of
ductile damage like those of Gurson [5] or Rousselier [6] in order to cover the complete DBT, see e. g.
[7–9].
Increasing computing capacities allowed to investigate the interactions of the competing damage
mechanisms by more detailed computational models. So, Petti and Dodds [11] resolved the microstructure in the fracture process zone (FPZ) discretely in form of voids to model the ductile mechanism and
applied a modified Beremin model to account for cleavage initiation. However, only a 2D model was
employed and the Beremin approach does not allow to simulate the propagation of cleavage microcracks.
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Figure 1: Carbide particle arrangement in ferritic steel [10]: a) Cavities nucleated from non-metallic
inclusions located ahead of the notch tip, b) Zoom of the ductile crack at notch tip, c)
Microvoid nucleation at carbide particles along strain localisation path d) Microvoid nucleation
close to the ductile crack tip
Faleskog, Kroon and co-workers [12–14] proposed a refined model that resolves the microstructure in
form of discrete, spherical carbide particles. Cleavage of the ferritic matrix, fracture of the carbide
particle and failure of its interface were modeled by a cohesive zone. In fact, two principal parameters
in the cohesive zone model are associated with the physical fracture process: i) the cohesive strength
denotes the necessary local stress to initiate cleavage (the stress criterion) and ii) the work of separation
corresponds to fracture toughness of the material in case of pure cleavage (energy criterion). Faleskog,
Kroon et al. [12, 13] performed cell model simulations under uniform loading. However, at a crack tip
the loading is highly inhomogeneous and strong gradients occur over distances which are comparable to
microstructural length scales like the distance between carbides. For this reason, in a preliminary work
[15], the authors adopted the advantage of the approaches of Petti et al.[11] and of Kroon et al.[12, 13]
and resolved discrete spherical voids in the FPZ while modeling cleavage of the ferritic matrix by a
cohesive zone. For nodular cast iron, where the graphite particles are only loosely bonded to the matrix, the idealization of the particles to voids was found to be reasonable. However, for ferritic steels it
is well-known that the strength of the carbide particles plays an essential role in the DBT. Thus, the
scope of the present paper is to incorporate carbide particles with finite strength in the discrete process
zone approach of [15] in order to simulate the effect of carbide particles and their strength on the DBT.

2 Model
2.1 Global model
The global model used in the present study is shown schematically in Fig. 2. As already mentioned,
the microstructure characterized by spherical carbide particles with a volume fraction fp , is resolved
discretely in the FPZ at an initially present macroscopic crack. Potential cleavage of the ferritic matrix as
well as decohesion and breakage of the particle are modeled by cohesive zones. The mechanical behavior
of the ferritic matrix is described by Mises plasticity, whereas the carbide particles are assumed to be
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Figure 3: Crack growth direction in bcc particle arrangement
purely elastic. The isotropic hardening of the matrix is described by the implicit power law
σ̄
=
σ0



σ̄
E
+ ε̄p
σ0
σ0

N
(1)

in which σ0 , ε̄p , N and E are the initial yield stress, the effective plastic strain, the hardening
exponent and Young’s modulus, respectively. Outside of the fracture process zone, the behavior of the
“composite” of matrix and carbides is described in a homogenized way by the Gurson model in the
modification of Tvergaard and Needleman (GTN-model). For the particle distribution in the process
zone, a regular body-centered cubic (bcc) arrangement of the carbide particles is considered1 with crack
propagation along a (1̄10) in direction h110i, see Fig. 3. √
In a bcc arrangement with an edge length L0 of
the unit cell, the mean distance of particles is X0 = L0 / 3 2 [16]. The regular bcc arrangement allows to
exploit the symmetry in thickness direction (001), which is why only a “slice” with a thickness t = L0 /2
of half the length L0 of a bcc unit cell needs to be implemented in the FEM model. Macroscopic plainstrain conditions and ideal small-scale yielding (SSY) under mode-I loading are assumed ensuring a high
level of crack-tip constraint. SSY conditions can easily implemented in a FEM model by prescribing
the KI solution as boundary condition in sufficient distance A0 to the initial crack tip, which is often
referred to as a boundary layer (BL) model. Under SSY, the J-integral in the far-field corresponds to
1 Furthermore,

compared to a cubic-primitive arrangement, the anisotropy of fracture toughness in the ductile regime
was found to be considerably lower [16].
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a)

the energy release rate and is related to the stress intensity factor KI by
J=

2
(1 − νeff
) 2
KI ,
Eeff

(2)

whereby Eeff and νeff are the homogenized Young’s modulus and Poisson ratio, respectively.

2.2 Homogenized material model and constitutive parameters
Outside the process zone, material behavior is described in a homogenized way by the GTN model. Its
yield surface reads


 σ 2
3q2 σm
eq
+ 2q1 f cosh
− 1 − (q1 f )2 = 0
(3)
σ̄
2 σ̄
where σeq , σm and σ̄ are von-Mises stress, hydrostatic stress and effective yield stress of the ferritic
matrix, respectively. Void nucleation is assumed to originate from debonded or broken carbide particles.
Thus, there is no initial void volume fraction in the material (f0 = 0). The GTN parameters q1 and q2
as well as σ0 are determined by fitting the numerical simulation results between GTN model and cell
model simulations, which is performed in section 2.6. Void growth rate results from the nucleation of
new voids and the growth of existing voids
f˙ = f˙n + f˙g

(4)

f˙g = (1 − f )ε̇pv

(5)

where
f˙g is the growth rate of existing voids, expressed in terms of the volumetric part ε̇pv of plastic rate of
deformation.
According to [17, 18], a plastic strain-controlled void nucleation law
p
f˙n = Aε̄˙

(6)

is adequate if the void nucleates from small particles. The function A(ε̄p ) of effective plastic strain is
chosen according to Chu and Needleman [19]
"

2 #
1 ε̄p − εN
fN
√ exp −
(7)
A=
2
sN
sN 2π
in which fN = fp is the volume fraction of nucleable carbides. Furthermore, εN is the strain at which the
void nucleation rate achieves its maximum and sN is the standard deviation of the nucleation function.
In practice, sN is chosen ≈ εN /5 [20]. The values εN and sN are estimated in section 2.6.
The employed material properties as well as the resulting homogenized values are given in Tab. 1.
The homogenized elastic properties, Young’s modulus and Poisson ratio Eeff and νeff , are calculated by
the Mori-Tanaka method as given in the appendix A. The particle volume fraction is chosen as fp =1.4%
in ferritic steel (the volume fraction of MnS is quite small [21] and neglected in this study).

2.3 Cohesive zone model
The cohesive zone model with exponential law


δ
δ
t = σc exp 1 −
δ0
δ0

(8)

between traction t and separation δ was established by Xu and Needleman [23]. Therein, σc is the
cohesive strength (the maximum transferable traction) and δ0 refers to the characteristic separation
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Table 1: Material characteristic [15, 22]

Material
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Figure 4: Traction-separation law
when σc is reached. The cohesive work of separation Γ0 = exp(1)σc δ0 corresponds to the area below
the cohesive traction-separation curve. Roth et al.[24] extended this cohesive law for general loading
problems as shown in Fig. 4. This cohesive law is implemented in this study for modeling of particle
cracking, debonding of the particle-ferrite interface and cleavage in the ferritic matrix. Under mode-I
loading, the direction of maximum principal stress is perpendicular to the crack plane and coincides
with the traction t of the cohesive zone model. Therefore, the initiation of softening after reaching
the cohesive strength σc corresponds to the maximum principal stress criterion as being established for
cleavage initiation [15].
In order to evaluate the fracture toughness of the material at the macro-scale under the influence of
microstructural features, several authors [25–29] used the relationship between the fracture toughness
JIc and micro structural characteristic length scale X0 (average void or particle spacing) as JIc =
F · X0 σ0 . Therein, F is a function of microstrutural features of the material such as the initial void
volume fraction f0 , the hardening exponent N , the normalized cohesive strength σc /σ0 and the ratio
σ0 /E. To determine F in the present study, firstly cohesive work of separation Γ0 is chosen as low
bound value of fracture toughness JIc in which pure cleavage dominates. According to Knott [30], the
lower-bound fracture toughness of ferrite corresponds to the work of separation Γ0 and lies in the range
5 ÷ 7 kJ/m2 . Here, Γ0 is chosen to be 5 kJ/m2 . Therefore, the work of separation of ferritic matrix
Γ0M =5 kJ/m2 . Then, the factor F is estimated by the normalized work of separation to X0 σ0 . In
ferritic steel, the average distance of carbide particles is in the range of X0 = 30 ÷ 130 µm and the yield
stress amounts to σ0 = (250 ÷ 300) MPa [15, 31], which provides a normalized work of separation in
the range of Γ0 /X0 σ0 = 0.1 ÷ 0.6. Here, the value of Γ0 /X0 σ0 = 0.25 is chosen as in [15].
Regarding the temperature dependence, it is well-known that the cleavage stress of mild steel is hardly
dependent on temperature, i. e. the cohesive strength of ferritic matrix σcM is constant. In contrast,
the yield stress σ0 of ferrite increases with decreasing temperature [22]. Consequently, the ratio σc /σ0
increases with increasing temperature and vice versa. In the lower-shelf regime, when σcM /σ0 is low,
the crack grows only by softening of cohesive zone without any plastic deformation. On the contrary,
when σcM /σ0 is high, a large amount of plastic deformations will be necessary before the local stresses
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Figure 5: Geometry model and applied load on boundary layer: a) Boundary layer; b) Front face of the
process zone; c) Back face of the process zone
reach σcM due to the work-hardening. The occurring plastic deformations firstly dissipate much energy
and secondly drive the ductile mechanism of void growth and coalescence. In order to assess the effect
of the temperature, a parameter study is performed with respect to σcM /σ0 .
Furthermore, values σcP , σcPM , Γ0P and Γ0PM of cohesive strength and work of separation for breakage
of the carbide particle and for the particle-matrix interface, respectively, need to be specified. Actually,
these values are quite difficult to be assessed experimentally. Thus, the values Γ0P =Γ0PM = Γ0M are
adopted from [12–14, 32, 33] in the present study. The cohesive strength is selected as σcP = σcPM ≤ σcM
[33].

2.4 Numerical implementation
Due to symmetrical loading in mode I and symmetrical distribution of carbide particles in the bcc
configuration (see Fig. 2), only a semi-circular slice of the boundary layer (Fig. 5) needs to be meshed
in the FEM analysis. Both, at the front and back surface of the BL, out-of-plane displacement are
suppressed (uz = 0) in order to ensure macroscopic plane strain conditions. These boundary conditions
correspond to the mirror symmetry of microstructure. In [15] it was pointed out that a certain number
of layers of discrete layers is necessary due to potential shielding of the process zone by void growth
around it. Therefore, 5 layers of discrete particles together with 16 unit cells in the crack growth
direction are generated in the process zone. The process zone is connected with the homogenized region
by a kinematic constraint.
During the simulation, in particular when cleavage is dominant, the crack growth could become
partially unstable. In order to handle local unstable crack growth, a dynamic analysis is performed
with quasi-static loading. This means that the time of elastic waves traveling from the outer boundary
to the center of the boundary layer has to be smaller compared to time period of loading τL . According
to [15],
p the time period can be chosen to be τL = 0.02X0 /cs wherein cs is the speed of shear waves,
cs = 0.5ρEeff /(1 + νeff ) and ρ denotes the mass density.
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Figure 6: Definition of effective crack growth [15]
Simulations are performed with the commercial software Abaqus/Standard. Hexahedral elements
with quadratic shape functions and reduced integration (C3D20R) are used for both FPZ and homogenized region. Cohesive elements with quadratic shape functions are implemented by UEL subroutine [24]. The length of cohesive elements and the adjacent continuum elements are chosen to be
le = (0.03÷0.06)X0 [16]. An initial crack tip with small radius rt is designed in order to avoid numerical
problems during the initial crack tip blunting, rt = L0 /10. The radius A0 of the boundary layer model
is chosen large enough to ensure small scale yielding conditions: A0 = (700 ÷ 7500)X0 .

2.5 Effective crack growth and fracture initiation
The present model is designed to simulate the competition between brittle and ductile mechanisms
on the microscale. Both mechanisms will lead to an active softening zone of finite size. For cleavage,
this is the region where the cohesive zone is in the softening regime of the traction-separation law. In
the ductile mechanism, the geometric softening of the ligaments between debonded particles cannot
be compensated by the plastic strain hardening and internal necking will initiate. If both mechanisms
are active at the same time, it is not trivial to define a suitable measure of crack growth ∆a at the
microscale. Here, we adopt the approach from [34] and define the amount of effective crack growth as
the distance from the initial crack tip to the center of currently active softening zone as sketched in
Fig. 6. In particular, the relative reduction (1 − Wi /W0 ) of the ith ligament is taken as the weighting
factor for each unit cell in the crack plane. Therein, Wi and W0 are the current and initial ligament
width, respectively, which are measured on the crack plane in the direction of crack growth. Thus, the
crack growth is calculated by
!
nlig
Wi
X
1− W
0
∆a = Lx
(9)
Wirem
1
−
i=1
W0
Furthermore, Wirem is the remaining width of ith ligament in the wake behind the active softening zone
and Lx is the distance between two neighbouring particles on the crack plane. According to Fig. 3,
Lx = 25/6 · X0 .
Similarly, it is not trivial with the present micromechanical model to define the event of fracture
initiation and thus the fracture initiation toughness JIc uniquely. Here, the definition of JIc as first
kink in the plot crack tip opening displacement CT OD vs. J is adopted from [15, 35–37]. Initially, the
CT OD-J is linear for pure crack tip blunting and a deviation from this linear regime indicates a stop
of blunting and thus fracture initiation.

2.6 Calibration of GTN model
In order to ensure consistency of the mechanical behavior from the outer, homogenized region to the
fracture process zone, cell model simulations are performed to identify the parameters of the GTN
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Table 2: Parameters for homogenized GTN model with void nucleation corresponding to σcPM
σcPM /σ0

fN

q1

q2

εN

sN = εN /5

σ̄0 /σ0

0.1

0.014

1.3

0.98

0.005

0.001

0.98

1.0

0.014

1.3

0.98

0.005

0.001

0.98

3.0

0.014

1.3

0.98

0.0035

0.0007

1.02

6.0

0.014

1.3

0.98

0.0035

0.0007

1.04

model. Due to the symmetries of the bcc configuration, only 1/8 of the cubic unit cell needs to be
incorporated in the FEM model, see Fig. 7. Outer surfaces of unit cells are kept plane during the
loading history by using kinematic constraints. The stress state parameter T is controlled by using
Riks algorithm in Abaqus/Standard. For details on the cell model approach (like the exact definition
of the macroscopic equivalent strain Eeq ), the reader is referred e. g. to [38–40].
For materials with pre-existing voids, the GTN parameters q1 = 1.3, q2 = 0.98 were already determined in [39, 40] and it remains to identify the nucleation parameters εN , sN and fN . Furthermore, it
turned out that the fit between GTN model and cell model can be improved by a slight calibration of the
equivalent initial yield stress σ̄0 of the GTN model [15]. According to Saje [17], the mean strain value of
void nucleation εN is determined at a point where the void nucleation rate achieves its maximum value.
The standard deviation of the normal distribution sN is estimated by 20% of εN [20]. For example, in
Fig. 8 the relationship between the rate of the void volume fraction and the effective strain is plotted for
σcP /σ0 = σcPM /σ0 = 3.0. From this diagram the mean strain value of the void nucleation εN = 0.0035
is obtained and consequently, the standard deviation becomes sN = εN /5 = 0.0007. It is clear that the
void nucleation and growth strongly depend on the cohesive strength of particle-ferrite interface. The
GTN parameters were calibrated for various values of the cohesive strength of particle-ferrite interface
σcPM /σ0 assuming uni-axial tension with T = 1/3. Results are given in Tab. 2.
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(a) 𝜎𝜎cM /𝜎𝜎0 = 3.25

(b) 𝜎𝜎cM /𝜎𝜎0 = 3.75

(c) 𝜎𝜎cM /𝜎𝜎0 = 3.85

Figure 9: Crack initiation and propagation with weak particles σcPM /σ0 = 1.0

3 Results
Fig. 9 visualizes (by incorporating the exploited symmetries of the model) the simulated deformations
during initial crack propagation for weak particles σcP /σ0 = σcPM /σ0 = 1.0, whereby three different
values of the matrix strength ratio σcM /σ0 were assumed, which corresponds to different temperatures.
In Fig. 9a) at low temperature, corresponding to low strength ratio σcM /σ0 = 3.25, the carbide particles
break firstly before cleavage occurs in the matrix on the crack plane. In this case, no plastic deformations
are observed but the matrix remains completely elastic. Fig. 9b) shows results for a cohesive strength
ratio σcM /σ0 = 3.75 as a representative for the intermediate DBT region. Obviously, voids have grown
and a stretch zone has formed at the initial crack tip but the matrix finally fails by cleavage, i. e. ductile
and brittle failure occur simultaneously. Remarkably, the first carbide particles debond from the matrix
whereas those in a certain distance to the initial crack tip are broken. For only a slightly higher strength
ratio σcM /σ0 = 3.85, purely ductile crack propagation is observed in Fig. 9c), characterized by particle
debonding and subsequently void growth.
Fig. 10 shows corresponding deformation plots for hard particles σcP /σ0 = σcPM /σ0 = 3.0. Note
that for this parameter set, the carbide particles debond in the complete temperature regime, i. e.
for all investigated values of the matrix strength ratio σcM /σ0 . For example, a matrix strength ratio
σcM /σ0 = 3.75 in Fig. 10c), more severe plastic deformation around the particle in front of the crack
tip is observed, which is the main factor to debond particle from the matrix.
Extracted crack growth-resistance curves (R-curves), normalized by the initial yield stress σ0 and the
mean distance of particles X0 , are shown in Fig. 11 for different σcM /σ0 .
All curves start from the origin due to the employed definition (9) of the effective crack growth

10

(a) 𝜎𝜎cM /𝜎𝜎0 = 3.25

(b) 𝜎𝜎cM /𝜎𝜎0 = 3.5

(c) 𝜎𝜎cM /𝜎𝜎0 = 3.75

Figure 10: Crack initiation and propagation with hard particles σcPM /σ0 = 3.0

Figure 11: Crack growth resistance (σcPM /σ0 =1.0)
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Figure 12: Initial fracture toughness of ferritic steel in the temperature transition region
∆a. The trend towards higher crack growth resistance with increasing σcM /σ0 , i. e. with increasing
temperature, is obvious. In the purely brittle regime σcM /σ0 . 3.0, the load cannot be increased
after crack initiation and the crack propagation becomes dynamic. When the temperature increases to
the DBT region, i. e. with higher σcM /σ0 , the contribution of plastic dissipation to the crack growth
resistance increases. The corresponding crack tip blunting is manifested in the initially linear regime of
the corresponding R-curves. Furthermore, the further increase of the R-curve after fracture initiation,
the tearing, becomes more pronounced with increasing plastic contributions and thus with increasing
fracture initiation toughness. The qualitative features observed in the simulations , i.e. dynamic crack
propagation for pure cleavage and increasing blunting and tearing at higher temperatures, are wellknown from experiments.
The influence of the strength ratio σcM /σ0 on the computed fracture initiation toughness JIc is shown
in Fig. 12 for three cases including very weak (σcPM /σ0 =0.1), weak (σcPM /σ0 =1.0) and hard particles
(σcPM /σ0 =3.0). The S-shape of the curves is typical for the transition from the brittle to the ductile
regime. In the DBT, the simulations with hard particles yield slightly higher fracture iniation values
than those with weak particles. Recall, that in this regime the fracture mechanism was breakage of
weak particles and debonding of strong particles, compare Figs. 9 and 10. An intuitive expectation
could be, that this trend would persist for all temperatures [18]. However, when the saturation values
in the ductile regime are considered, i. e. at right-hand side of Fig. 12, the computed fracture toughness
is about from 20% to 25% higher corresponding to weak and very weak particles compared to hard
ones. In this regime, particle debonding was observed for these parameter sets. The weak and very
weak particles debond earlier from the matrix thereby nucleating voids which grow and coalescence by
plastic deformations. In contrast, for hard particles, the matrix material remains longer bonded to the
elastic particle. However, during that time the plastic deformations of the ferritic matrix are hindered,
reducing their contributions to the crack growth resistance. Consequently, a bonding between matrix
and carbide particle which is too strong is found to be unfavorable.
Furthermore, Fig. 12 contains the experimental data of Coates and Roberts [41] and Wallin et al.
[42] for a quantitative comparison. The macroscopic yield stress of ferritic steels varies in the range
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from 518 MPa (at -110 ◦ C) to 412 MPa (at 60 ◦ C) [41, 43]. In our study, the yield stress is expressed
as a function of temperature adopted from [43]. The parameters σcM and Γ0 of the cohesive zone are
essential for modeling cleavage in the ferritic matrix. As aforementioned, the work of separation Γ0
is chosen as the lower-bound fracture toughness of the ferritic steel. According to [22], the fracture
toughness of ferritic steel amounts to Γ0M = 5 kJ/m2 at the temperature -125 ◦ C. At this temperature
the yield stress is calculated to be σ0 = 600 MPa based on [43]. Consequently, the average distance
of carbides is chosen as X0 = Γ0M /σ0 = Γ0 /σ0 ≈ 26µm for normalizing experimental data. The
cohesive strength σcM corresponding to local cleavage fracture stress of the ferrite matrix is assumed
to be temperature-independent. However, according to Wang and Chen [44] σcM actually depends on
both carbide particle size and grain size of the ferritic matrix and lies in the range of (1300 ÷ 1750)
MPa. Here, the cleavage fracture stress is chosen as σcM = 1550 MPa corresponding to coarse carbides
(dp ≥ 0.6µm) and a pre-cracked specimen (insensitive to grain size). Thus, the strength ratio σcM /σ0
correlates to the temperature as follows: σcM /σ0 = 2.99 at -110o C, 3.05 at -100 ◦ C, 3.17 at -80 ◦ C,
3.20 at -75 ◦ C, 3.34 at -50 ◦ C, 3.43 at -30 ◦ C, 3.56 at 0 ◦ C) and 3.76 at 60 ◦ C. Fig. 12 shows, that the
simulation results of the present study agree quite well with the experimental data.

4 Summary
In the present study, a micromechanical model was used for simulating the crack initiation and propagation in ferritic steel in the ductile-brittle transition region. In particular, the carbide particles, which
play an essential role for the ductile-brittle transition, were resolved discretely in the fracture process
zone. The competing mechanism of breakage or debonding of carbide particles or cleavage of the ferrite
matrix were modeled by cohesive zones. Outside the process zone, the material behavior was described
in a homogenized way by means of the GTN-model to keep the computational costs at a manageable
level.
The results of the simulations show that the model predicts qualitatively correct the most important
trends and features in the DBT, which are known from experiments . Also quantitatively, the present
results comply well with experimental data from literature.
A parameter study on the effect of the strength of the particles on the fracture toughness has shown
that the strength of the particles can have a different influence in the DBT than in the purely ductile
regime. These first achievements give an optimistic out look future research, where the predictions
of the developed model can be advantageously used to optimize the microstructure of ferritic steels
towards certain application requirements.

Acknowledgements
The financial support by the Deutsche Forschungsgemeinschaft (German Research Foundation) under
contracts HU 2279 (Giang) and INST 267/81-1 FUGG (computing facilities) is gratefully acknowledged.
The authors thank Stephan Roth for providing the implementation of the cohesive element for Abaqus.

Appendix A
The macroscopic values of bulk and shear modulus, respectively, can be computed with the Mori-Tanaka
method [45] as
(Kp − Km )Km
Km + α(1 − fp )(Kp − Km )
(Gp − Gm )Gm
= Gm + fp
Gm + β(1 − fp )(Gp − Gm )

Keff = Km + fp
Geff
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(A.1)

wherein Kp , Km , Gp and Gm are the respective values of matrix and particle at the microscale and α =
3Km /(3Km +4Gm ) and β = (6Km +2Gm )/(5(3Km +4Gm )) refer to the constraint parameters in the Eshelby tensor. The macroscopic moduli Keff and Geff are related to the engineering constants of Young’s
modulus and Poisson ratio by Eeff = 9Keff Geff /(3Keff +Geff ) and νeff = (3Keff − 2Geff )/(6Keff + 2Geff ).
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