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Abstract

A recently introduced method of crack representation as a distribution of three-dimensional Volterra dislocations is
used in conjunction with two-dimensional dislocation dynamics simulations to study the brittle to ductile transition
behavior of Ferritic Steels. The crack-tip plasticity zone is represented as an array of discrete dislocations emitted from
crack-tip sources. The dislocations shield the crack and result in an increase of the applied stress intensity for fracture
from the pure Griffith value. The crack system responsible for fracture in Ferritic Steels is modeled by a macrocrack and
a microcrack in its field. Crack-tip plasticity of microcrack is also modeled by arrays of emitted dislocations. The
simulations are performed for different friction stresses corresponding to different yield stresses or temperatures. The
brittle to ductile transition fracture toughness curve is obtained and compared to experiments.

© 2004 Elsevier B.V. All rights reserved.

1. Introduction

Since the introduction of crack-tip plasticity based
models for brittle-ductile transition (BDT) by Rice and
Thomson [1], there was an upsurge in the literature on
the study of crack-tip plasticity and cleavage crack
propagation. In their model they equated the competing
forces acting on a dislocation near the crack-tip, and
derived a relation for the material to be intrinsically
brittle or ductile based the dislocation core width and
material parameters. Rice [2] further refined these con-
ditions by obtaining the critical loadings for emission
and cleavage. He equated the crack-tip driving forces on
distributed shear dislocation cores and cleavage open-
ing, respectively, to the local resistance to dislocation
propagation and cleavage along the slip/crack plane.
The process (either emission or further opening), which
has equal driving force and resistance at the lowest ap-
plied load, determines the failure mode. Failure is thus
controlled by two material parameters, the surface en-
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ergy (y) and the unstable stacking fault energy (y,,) [2].
With increasing computational power, numerical models
have been recently introduced at the discrete dislocation
dynamics and molecular dynamics levels. Notable
among the dislocation dynamics based efforts is the
model introduced by Hirsch and Roberts [3.4] to study
the effect of dislocation mobility and dislocation source
configurations on the BDT of Si and other materials.
This method has recently been used to model the initi-
ation of cleavage of Ferritic steels at low temperature [5].
A finite slit crack loaded under triaxial stress is used to
study the cleavage initiated by brittle precipitates. The
model predicts the constancy of microscopic cleavage
fracture stress observed in experiments, resulting in
reasonable quantitative agreement with experiments [6].
Several groups conducted large-scale atomistic simula-
tions of crack-tip plasticity [7,8]. Shastry and Farkas [9]
developed an embedded atom method based potential
for a-Fe and studied the dislocation emission from of a
slit crack. Recently, the effect of dislocation blocking on
crack-tip behavior of a-Fe was studied using both
atomistic and dislocation dynamics simulations [10].
Clearly crack-tip plasticity is a multiscale phenome-
non. The macroscopic continuum mechanics dictates the
stress state around the crack. The plastic zone around
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the crack-tip is controlled by the long-range elastic
interactions like, crack—dislocation, dislocation—dislo-
cation/particle/grain boundaries (mesoscopic) and short-
range nonlinear interactions like dislocation reactions
(atomistic). The mobility of the dislocation on the other
hand is controlled by the dislocation core behavior,
which needs detailed modeling of bonds at the electronic
level. Hence a complete description of fracture requires
knowledge of length scales ranging from macroscale to
electronic.

In spite of the progress in understanding the funda-
mentals of fracture, the BDT of practical materials still
relies heavily on the continuum methods. To explain the
extremely high cleavage fracture toughness measured in
Ferritic Steels at low temperatures, Orowan [11] postu-
lated that the fracture in ferritic steels could occur due to
cleavage originated from microcracks ahead of the
macrocrack. This was later confirmed by experiments
[12,13] and it is now a well accepted fact that fracture in
steels is initiated by cracks in precipitates and propa-
gation of these microcracks into the matrix is the con-
trolling step in the fracture. Ritchie, Knott and Rice
(RKR) [14] used finite element method (FEM) and
asymptotic solutions of crack-tip with small geometric
change to simulate the plastic zone, a critical tensile
stress on a brittle particle situated at a distance ahead of
the macrocrack is used as the failure criterion. This
distance is essentially a fitting parameter and RKR [14]
used a value equal to/or twice the average grain dia-
meter. The model successfully predicts lower-shelf frac-
ture toughness, but fails to predict the upturn near the
transition temperature. Statistical models were intro-
duced to predict brittle-ductile transition of steels
starting with Curry and Knott [13], most notable among
them were by Beremin [15] and Wallin et al. [16]. In both
these models FEM solution of crack-tip plasticity was
used. In Beremin model [15], the maximum principal
stress is calculated for each volume element in the plastic
zone and a probability of failure is assigned. The total
probability of failure is then obtained by summing over
the entire plastic zone. Wallin et al. [16] extended the
modeling with some success to the transition region by
considering variation of effective surface energy (5 +7,)
(where 7, is the true surface energy and 7y, the plastic
work done during propagation) with temperature. This
model eventually led to the master Curve (MC)
hypothesis, which predicts that brittle-ductile transition
of all ferritic steels follows a universal curve [16,17].
Odette and He [18] used a microscopic fracture stress
varying with temperature to explain the master curve.
Even though MC is used to check the reliability of
structures under irradiation [19], a clear understanding
of the physical basis of this methodology is still lacking
[20]. Here, we present preliminary results on the mod-
eling of lower shelf and the master curve based on dis-
crete dislocation simulation.

In the next section, we outline the details of the
model and the calculation procedure used. Section 3
describes the results obtained by our methodology. We
also compare our predictions with experimental results
reported in the literature. Finally in Section 4 we sum-
marize our results and discuss possible improvements to
our model.

2. Model and method of calculation
2.1. Dislocation based crack-tip: 3D simulation

A distribution of Voltera crack dislocations repre-
sented by parametric curves [22] is used to simulate 3D
cracks. In this methodology [21], the image force effects
on crystal dislocations due to the crack surfaces will be
accounted for by the interaction between Voltera crack
dislocations and crystal dislocations. Fig. 1(a) shows the
reconstructed crack opening displacement obtained for a
‘slit crack’ simulated, note the depth of crack is 10 times
its width, hence can be compared with 2D slit crack. In
the simulation, small dislocation segments of 200a,
where a is the lattice constant, were placed near the
crack-tip and their evolution under the crack-tip loading
is studied. Note that dislocation nucleation is a two
stage processes: (a) formation of embryo half loops at
sources like ledges or other imperfections at the crack
front (b) growth of these half loops to form dislocations
that cover the crack front. We deal with only the second
stage in our simulation.
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Fig. 1. (a) The reconstructed crack shape obtained from the
distribution of 3D Voltera crack dislocations and (b) the
geometry of crack and dislocations used in the 2D coupled
macrocrack-microcrack simulation model.
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2.2. Coupled macrocrack—microcrack: 2D simulation

The geometry of the 2D model used is shown in Fig.
1(b). A semi-infinte crack (macrocrack) with a finite
crack (microcrack) situated ahead of it in its crack plane
is loaded. Note that in this configuration, the load at the
microcrack will be the sum of the elastic stress field from
the macrocrack and that due the dislocations in the
plastic zone. This field can be approximated to that of a
hardening material with small scale yielding at the crack-
tip [4]. A dislocation source is assumed to exist at a
distance x, from, and situated on a slip plane oriented at
an angle and passing through, each crack-tip. A dislo-
cation is emitted when the resolved shear stress on a
dislocation at x, is greater than ;. Where ¢ is the fric-
tion stress used and is chosen to be equal to a,/+/3,
where oy corresponds to the uniaxial yield stress at a
given temperature. The temperature dependence of
fracture toughness is then obtained by inputting the
corresponding friction stress value. The resolved shear
stresses are obtained using expressions based on deri-
vations for semi-infinite crack [23] and finite crack [24].
The emitted dislocations move along the slip plane away
from the crack-tip, and the stress at the source increases
until another dislocation is emitted. (For each positive
dislocation emitted, a negative one is assumed to move
into the crack.) In the case of microcrack, the sources on
opposite sides of the crack are at equivalent positions xo
and operate simultaneously. (This ensures that no net
Burgers vector remains in the crack). The dislocations
are assumed to move with a velocity v given by

_ ‘TXI'| " |Tx1| — T
Uy, = ( - vo o (1)

for |t,,| > 7y and v =0 for |1,,| < 7¢. The computations
were carried out with m = 2.67 and vy =4.5 x 10710
ms~!, appropriate to the velocities of screw dislocations
in iron at 273 K [25]. During the simulation, the applied
stress intensity is increased in small increments and the
positions of dislocations are determined. It is found that
the dislocations reach near equilibrium positions. It
should be noted that with the dislocations in near-
equilibrium positions, the temperature and strain-rate
dependence of Kp, the numbers of dislocations emitted
at fracture, and the plastic zone size are determined only
by the temperature and strain-rate dependence of the
yield stress, g,. The emitted dislocations shield the crack
from external load, by compressive stresses they exert at
the crack-tip. The shielding stress intensity factor for
each dislocation (Kp) is calculated at each crack-tip. The
expressions for semi-infinite were used from [23] and
that for finite crack from [24] and the total net shielding
stress intensity factor for each crack-tip is obtained by
summing the Kp from respective dislocation arrays. The
fracture criterion for this model is a critical crack-tip

stress intensity of the microcrack. Thus, when k = Kjc,
cleavage fracture of the matrix is assumed to occur; the
applied load at the macrocrack, then gives the critical
loading for fracture propagation K and the microscopic
cleavage fracture stress (of) is the net tensile stress due
to the macrocrack field and the array of dislocations
emitted from it.

3. Results and discussion
3.1. Crack-tip simulation using 3D dislocations

As shown in Fig. 2(a), dislocations were nucleated at
isolated sites with separating distance 500«; all of them
are initially straight dislocation segments gliding on
(10 1)-plane, with length 200a. The crack system is
chosen as (100)[010]. Once nucleated, these disloca-
tions will bow out with two ends sliding along the crack-
tip, until it merges with neighbors. As shown in Fig.
2(b), at t =20.518 s, one long straight dislocation is
formed, and will glide away from the crack with its two
ends sliding along the two side. Here we assume that the
nucleation energy is zero, or it means at the nucleation
site, there is always a dislocation nucleus, and once there
is enough stress to drive them away, the nuclei become a
crystal dislocation. It can be seen that beyond a certain
distance, here 80q; the dislocation remains parallel to the
crack front and can be approximated by 2D disloca-
tions. This distance of 80« is used in the following 2D
simulations as the ‘source distance’ from the crack-tip.

3.2. Coupled macro—micocrack simulations using 2D
dislocations

A microcack of size 1 pm is placed at a distance of 10
um from the macrocrack-tip (10 pm is the average dis-
tance obtained in [13], with which we compare our re-
sults). The value of x, used in simulation is 80a, where a
is the lattice constant; the slip planes are oriented at an
angle of 70.5° to the crack plane. Fig. 3(a) shows a
typical behavior of the crack-tip stress intensity at the
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Fig. 2. Evolution of dislocation configurations in Iron single
crystals at 500 K; as time progresses (from (a) and (b)) the
dislocation loops turn parallel to the crack front.
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Fig. 3. (a) The stress intensity at the micocrack-tip and as a
function of simulation time; crack size =1 um, yield stress = 800
MPa; and (b) the number of dislocations and the plastic zone
length at the microcrack-tip as a function of simulation time;
crack size=1 pm, yield stress =800 MPa.

microcrack (k) while it is loaded. The fracture criterion
in this case is k reaching a critical value (here equal to
1 MPa+/m, which is the Kjc value if we assume pure
cleavage of Fe). Each drop in the curve corresponds to
new dislocation generation at the microcrack-tips, and
we can see that the emitted dislocations shield the mi-
crocrack and enhance the stress required for cleavage.
The total amount of shielding due to all dislocations can
be interpreted as the plastic work during crack propaga-
tion. In this case, the microcrack size is 1 pm, the yield
stress is 800 MPa and the rate of loading, dK/ds = 0.01
MPa /ms™!. Fig. 3(b) shows the number of dislocations
and length of the plastic zone developed at the micro-
crack-tip with the progress in simulation.

The variation of microscopic cleavage fracture stress
(o) (that is the net tensile stress at the microcrack due to
the stress field of macrocrack and the dislocation array
developed at the macrocrack, at fracture) as a function
of yield stress is less than 10% for the range of yield
stress studied (200-1600 MPa), and is consistent with the
experimental observations. The variation of macro-
scopic fracture toughness, K¢ as a function of yield stress
is shown is Fig. 4(a). There is sharp increase in the
fracture toughness at low yield stresses, which corre-
spond to the transition from brittle to ductile behavior.
In Fig. 4(b) portion of the fracture toughness curve in
Fig. 4(a) is mapped to temperature using experimental
yield stress [13] to obtain the brittle-ductile transition
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Fig. 4. (a) The fracture toughness as a function of yield stress,
the criterion of fracture is the critical crack-tip stress intensity of
the microcrack (k = 1 MPa y/m) and (b) the fracture toughness
values from above Fig. 4(a) mapped to temperature for the
limited range of yield stress—temperature relation and the
experimental fracture toughness.

curve. We can see that model fits well to experimental
results at lower shelf fracture toughness; however, it
does not predict the sharp upturn at the transition.
Note, the yield stress range to which we could map the
data is very narrow (600-1000 MPa), due the unavail-
ability of data for broader temperature range. Also our
model does not consider dislocation multiplication,
which will have significant effect at lower yield stress or
high temperature regime.

4. Summary and conclusions

The evolution of dislocation loops originating near
crack-tips is studied using 3D dislocation dynamics. In
the simple configuration, chosen it is found that the loop
becomes parallel to the crack front beyond a certain
distance. This distance is used as the source distance in
the 2D simulations. The 2D dislocation dynamics sim-
ulation is used to study the crack system involved in the
fracture of ferritic steels; macrocrack with a microcrack
ahead of it. In this model the postulated amount of
plastic work done during propagation is equated to the
total shielding at the crack-tip due to dislocations. The
crack-tip plastic behavior and the lower shelf values of
brittle to ductile transition curve predicted have good
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agreement. However, the model does not predict the
sharp upturn near the transition temperature. It should
be noted that our simulations do not involve dislocation
multiplication processes, which become significant at
higher temperatures near the transition temperature.
This drawback could be overcome by carefully devising
local rules using 3D dislocation simulations, which is
now in progress.
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