Dislocation Simulation of Brittle-Ductile

Transition in Ferritic Steels
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Two-dimensional discrete dislocation simulations of the crack-tip plasticity of a macrocrack-micro-
crack system representing the fracture behavior in ferritic steels are presented. The crack-tip plastic
zones are represented as arrays of discrete dislocations emitted from crack-tip sources and equili-
brated against the friction stress. The dislocation arrays modify the elastic field of the crack; the result-
ing field describes the elastoplastic crack field. The simulated crack system involves a microcrack in
the plastic zone of the macrocrack (elastoplastic stress field). The effects of the crack-tip blunting of
the macrocrack are included in the simulations; as dislocations are emitted, the microcrack is kept at
a constant distance from the blunted tip of the macrocrack. The brittle-ductile transition (BDT) curve
is obtained by simulating the fracture toughness at various temperatures. A consideration of the effects
of blﬁnting is found to be critical in predicting the sharp upturn of the BDT curve. The obtained
results are compared with existing experimental data and are found to be in reasonable agreement.

I. INTRODUCTION

IT is now a well-accepted faét that the fracture of ferritic
steels in the temperature range in jwhich the fracture propagates
by cleavage is originated in microcracks (mostly in precipitates),
ahead of the macrocracks; the ﬁlacrocracks could be either
precracks in a test specimen or surface cracks in structures.
The extremely high fracture toughness (>20 MPaVm, com-
pared with 1 MPa'\/—n—l calculated from the surface energy alone,
assuming the pure cleavage of the Fe matrix) observed at low
temperatures in ferritic steels is due to the fact that cleavage
is initiated and pJ opagated from microcracks ahead of the
macrocracks.™ It/ has been foun:d by experiments that these
microcracks are originated in precipitates,/>* and that the
propagation of these microcracks into the matrix is assumed
to be the controﬂing step in ﬂH‘e fracture of ferritic steels.
Another obsewadon, though less ambiguously established, is
that the cleavage‘ stress at fracture on these microcracks is
invariant with temperature.[!

Ritchie, Knott, and Rice® used both the solutions devel-
oped by Hutchinson-Rice and Rosengren and a finite ele-
ment analysis (FEA) to simulate the plastic zone; a critical
tensile stress achieved over a cjharacteristic distance ahead
of the crack is used as the failure criterion. This distance is
essentially a ﬁttlr%‘g parameter, e:md Ritchie, Knott, and Rice

used a value equal to or twice the average grain diameter.
The model successfully prediéts the lower-shelf fracture
toughness, but fails to predict e upturn near the transition
temperature. Statistical models were introduced to predict the
brittle-ductile transition (BDT) in steels, starting with Curry
and Knott;®! most notable amorllg them were by Beremin!'!
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and Wallin et al.'"1 In both these models, FEA solutions of
crack-tip plasticity were used to obtain the stress fields ahead
of the crack. In the Beremin model, the maximum principal
stress is calculated for each volume element in the plastic
zone and a probability of failure is assigned. The total prob-
ability of failure is then obtained by summing over the entire
plastic zone. Wallin et al. extended the modeling to the tran-
sition region by considering the variation in the effective sur-
face energy (v, + 7,) with temperature, where 7 is the true
surface energy and 7, is the plastic work done during prop-
agation. This eventually led to the master curve (MC) hypoth-
esis, which predicts that the BDT of all ferritic steels follows
a universal curve.''! Even though the MC is used to check
the reliability of structures under irradiation, a clear under-
standing of the physical basis of this methodology is still
lacking.'>! Odette ez al.l'™™) explained the MC using a micro-
scopic fracture stress varying with temperature. Most exper-
imental findings”#! indicate that the fracture stress is not
sensitive to temperature; more careful experiments and sim-
ulations may be required to resolve this issue.

Discrete dislocation simulations of crack tips were suc-
cessful in predicting the BDT of simple single crystalline
materials, for example, in References 16 and 17. The advan-
tage of this approach over the continuum methods is that
fundamental material properties such as dislocation veloc-
ity and their mutual interactions can be treated dynamically.
Through these simulations, it has been found that the dis-
location mobility plays a significant role in determining the
transition temperature.''”! However, the variation in the dis-
location mobility alone cannot explain the BDT behavior.
An earlier attempt to model the BDT of complex materials
such as steels!'®! predicted the lower-shelf fracture tough-
ness, which substantiated Orowan’s postulate!! on high frac-
ture toughness measured at low temperature. However, the
model failed in predicting the sharp increase in fracture
toughness around the transition temperature region.

Here, we present a discrete dislocation simulation, in which
crack-tip blunting is taken into account for the first time.
The effects of blunting are incorporated into the simulation
by using elastic stress fields of blunted cracks. As the crack
tip gets blunted due to the dislocation emission, the position
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of the “virtual sharp crack tip” retreats from the blunted
tip, thereby further reducing both the field at the microcrack
and the contribution from the emitted distocations. The crit-
ical particle is assumed to be at a fixed distance from the
blunted macrocrack tip.

In Section II, we outline the detailed procedure of the
methodology used in the simulation of the crack tip. Sec-
tion III describes the results obtained in our simulations; we
compare our predictions with the experimental results
reported in the literature. In Section IV, we summarize our
results and discuss the possible implications of our model.

II. MODEL AND METHOD OF CALCULATION

A. Problem Formulation

From numerous careful experimental studies conducted
on the BDT behavior of steels, it is now established that:
(1) precracks (macrocracks) blunt substantially before the
fracture of the specimen occurs at the transition region. How-
ever, the examination of the fracture surface reveals that
cracks propagate predominantly by cleavage;*! (2) several
cracked, brittle particles are found to be present in the bro-
ken samples;"! and (3) the measured microscopic fracture
stress (at microcracks) is found to be a few orders of mag-
nitude higher than that of the pure Griffith value.* All
these observations are considered in our model, as follows.

(a) We implemented the blunting of the macrocrack by using
the elastic crack-tip stress field for blunted cracks. As
dislocations are emitted, the crack blunts and the radius
of curvature increases. The notional crack tip, which is
taken as the reference for the calculation of image
stresses, retreats away from the blunted tip.

(b) A microcrack is placed in the field of a macrocrack; the
failure criterion used in the calculation is the cleavage
crack propagation from this microcrack.

(c) We consider the emission of dislocations and the sub-
sequent shielding from the microcrack tip. (A detailed
study of this and of the observed constancy for micro-
scopic fracture stress is reported in an earlier study.!')

B. Overview of the Model

The geometry of the model used for simulation is shown
in Figure 1. A semi-infinite crack (macrocrack), with a finite
microcrack situated ahead of it on its crack plane, is loaded
starting from K = 0. Dislocation sources are assumed to
exist at distances x, from the tip, and are situated on the slip
planes passing through the crack tip. During loading, dislo-
cations are emitted from source positions (xp) when the
resolved shear stress reaches a value 27,. The resolved shear
stresses are obtained using expressions based on derivations
for both a semi-infinite crack®® and a finite crack.”™ 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. The emitted dislocations move
with a velocity based on the following expression:

T

Xi

vy, = <M>(Iml)’” Al ) [1]
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macrocrack

Fig. 1—The geometry of the crack and dislocations used in the macro-
crack-microcrack simulation model. The X is the applied load at the macro-
crack, the slip plane angles arc oriented at « and o' to the crack planes of
the macrocrack and microcrack, respectively.

The values for the parameters were obtained by fitting the
data related to the screw dislocation velocities in iron.[?%
The value of m has a linear dependence on temperature, 7,
m = 400/T + 1.2, A = 3.14 X 107* meters s~ (MPa) ™,
and E, = 0.316 eV. The first term restricts the motion of
dislocations below the friction stress value (7,), making sure
that v = 0 for | 7,, | < 7,; hence, most of the dislocations are
in neat-equilibrium positions at any given time. When the
dislocations are in their equilibrium positions, the tempera-
ture and the strain-rate dependence of the measured fracture
toughness (Kp), plastic zone size (d), crack-tip opening dis-
placement, efc., are determined only by the temperature and
the strain-rate dependence of the friction stress (7). The fric-
tion stress (7,) experienced by dislocations is due to the effect
of all types of obstacles in dislocation motion, including
impurities, precipitates, grain boundaries, efc., in addition
to the lattice friction. The 7, used is chosen to be equal to
the shear-yield stress /2 when the Tresca yield criterion
is assumed; the o, corresponds to the measured uniaxial
yield stress at a given temperature. The temperature-yield
stress relation used throughout this article is obtained from
the data reported in Reference 3. Thus, the temperature
dependence of the fracture toughness is obtained by inputting
the corresponding friction stress value for each temperature.
Simulations are done for temperatures ranging from —180 °C
to —60 °C, with corresponding yield stresses (o) from 910
to 620 MPa. :

The arrays of emitted dislocations form the plastic zones
of the crack. The crack may also get blunted, due to dislo-
cation emissions. In our case, the effects of blunting will
be negligible for microcracks, since the number of disloca-
tions emitted is only up to 10%. Whereas the effects of blunt-
ing will be significant in the case of macrocracks, because
the number of dislocations emitted is of the order 10°, the
blunting effects are accounted for here by using the elastic
crack-tip field as a blunted crack.! The plastic zone devel-
oped at the macrocrack changes the field ahead of it into
an elastic-plastic material with hardening.'*! The microcrack
placed in this field experiences a tensile stress and is assumed
to propagate, which leads to fracture when it reaches a crit-
ical value oy (estimated based on similar dislocation
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simulations of finite crack-emitting dislocations along the
slip planes).

As described later, our simulations are done in two stages:
(1) the microcrack is loaded to failure and the microscopic
fracture stress is estimated for specific crystallographic ori-
entations and crack sizes, and (2) the obtained microscopic
fracture stress (op) values are then used as the fracture cri-
terion in the macrocrack simulation.

C. Method of Calculation

1. Simulation of the microcrack

A microcrack of the configuration shown on the right side
of Figure 1 is loaded monotonically. To mimic the triaxial
stress field surrounding the microcrack (since it is located
in the plastic zone ahead of a macrocrack), we modified
the expressions for the stress fields given in Reference 20
by subtracting the applied normal stress (o,,) and adding
the unjaxial yield stress (o), for cases in which oy, > 0.
(For a detailed discussion, see Reference 19.) The values
of the slip plane angle &’ are chosen such that predomi-
nantly brittle crack configurations are simulated. The applied
load is incremented at a rate dK/dt (= 0.01 MPa\/IEs_l); a
variable time-step is used to make sure dislocations move
as an array and numerical instabilities are avoided. Dislo-
cations are emitted from source positions (here chosen as
4b, b = 2.54 A, following an earlier study on the effect of
source position!'’) along the slip planes. Since source posi-
tions are equidistant from their respective crack tips, simul-
taneous emission occurs. The emitted dislocations move
away from the crack tip along the slip planes with a veloc-
ity calculated using Eq. [1]. The stress fields of these dis-
locations then shield the crack tip from the external load.
Once the emitted dislocations have been moved to their equi-
librium positions, the amount of shielding from each dislo-
cation is calculated using expressions from Reference 20,
and the total shielding at the crack tip is obtained by sum-
mation. We ignore anti-shielding dislocations in our simu-
lations, since any: dislocations nucleated in the present
configuration around the crack tip will be absorbed by the
crack. The number of dislocations thus absorbed is small,
and any blunting effects due to the dislocations are neglected
here. Since, in our case, dislocations are emitted from crack-
tip sources, dislocations emitted from either end contribute
to shielding both crack tips.[?!) The applied load is increased
monotonically and the crack-tip stress intensity is calculated
at each time-step. When the crack-tip stress intensity reaches
a preassigned critical value, the crack is assumed to propa-
gate and the corresponding applied load is the microscopic
fracture stress (oy). The following two predominantly brit-
tle microcrack systems are considered here: (1) cleavage
plane (001), crack front [110], and slip system 1/2[111](112)
(hence o' = 35 deg, 16 minutes), and (2) cleavage plane
(110), crack front [110], and slip system 1/2[111](112)
(hence a' = 54 deg, 44 minutes).

2. Simulation of the macrocrack

A schematic illustration of the macrocrack is shown on
the left-hand side of Figure 1. The macrocrack is assumed
to be semi-infinite, with dislocation sources close to the
crack tip. Dislocations are emitted simultaneously along the
two slip planes, and are symmetrically oriented to the crack
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plane. The plastic zone formed by the emitted dislocations
produces a field equivalent to an elastic-plastic crack with
small-scale yielding.?! The agreement with continuum mod-
els has substantially improved, icompared to previous esti-
mations from asymmetric singﬂe—slip plane cases, as, for
example, in Reference 18. The slip-plane angle, in this case,
is chosen to be 70.5 deg (the direction of maximum shear
stress of the elastic crack-tip field); compared to other slip-
plane angles, this value matches best with continuum esti-
mates.””! The initial source position (x,) along the slip plane
is chosen to be 4b, where b is| the magnitude of Burgers
vector.

During the simulation, the applied stress intensity is
increased in small increments and the positions of disloca-
tions are determined. As the load is increased, more and
more dislocations are emitted and the crack gets blunted.
The radius of the blunted crack|p is taken to be equal to N
b sin @, where N is the number jof dislocations and « is the
slip-plane angle. The blunting of the macrocrack is illus-
trated in Figure 2. As blunting |increases: (1) the crack-tip
fields are modified to be that of a blunted crack,”¥ (2) the
source position is chosen to be equal to the crack-tip radius,
i.e., X, = p, and (3) the notional crack tip from which the
image stress of dislocations is c‘-alculated is moved back to
the center of the curvature of the blunted crack. At each
time-step, the stress ahead of the crack at a distance X, along
the crack plane (the microcrack is assumed to be at this posi-
tion) is calculated using the expression from Reference 23.
The fracture criterion is the teniile stress (03,7) at X, reach-
ing oy, calculated in the previous stage for the microcracks
for the same temperature and for the corresponding yield
stress. Thus, when the microcrack-tip stress intensity, k =
K., cleavage fracture of the matrix is assumed to occur. The
applied load at the macrocrack hen gives the fracture tough-
ness (K) at that given temperatﬂrre and yield stress. Through-
out the simulation, a microcrack 1 pum in size is used; this
value is chosen as a typical (avérage) value in the range of
the sizes of the microcracks found in experiments with which
we compare our results.*! Th:ltietailed simulations reported
here are obtained using Xp equal to 10 um. However, the
K calculated wsing 20 pm is also shown in Figure 6. These
values were chosen as typical Vaﬁues of the order of the grain
sizes in these types of steels. It should be noted that changing

Ttk

<42 »
e =

microcrack
l macrocrack

} notional crack-tip

Fig. 2—Schematic illustration of the crack-tip blunting. The p is the radius
of the blunted crack tip, 2r is the micrpcrack size, and X, is the distance
of the microcrack from the macrocrack tip. The distance of the micro-
crack from the notional sharp crack tip increases from X, to X, + p.
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these parameters will give different values for the frac-
ture toughness; however, the form of their variation with
temperature will remain the same, as will be discussed in
Section IIL

III. RESULTS AND DISCUSSION

A. Microcrack Simulation: Calculation of Microscopic
Fracture Stress (oF)

Figure 3 shows the results from the microcrack simula-
tion: dislocation sources emitting dislocations along four
symmetric slip planes around the through-thickness crack
shown in Figure 1. The (micro) fracture stress o, as a
function of temperature, is shown for two different slip-
plane angles, &' = 35 deg, 16 minutes and 54 deg, 44 min-
utes, corresponding to the crack system (001) [110] with
slip system 1/2[111](112), and (110) [110] with slip system
1/2[111](112), respectively. The fracture criterion chosen
was the crack-tip stress intensity £k = K, = 1.0 MPaVm
(the value estimated for Fe with a surface energy of 2 Jm™?).
The microscopic fracture stress, oy, is estimated for differ-
ent temperatures; it can be seen that the fracture stress o
is practically independent of temperature, consistent with
many of the experiments, as shown, for example, in Refer-
ence 7. Similar results were reported earlier in Reference 19.
The value of o thus obtained for each temperature is used
to calculate the macroscopic fracture toughness (Kr) in the
next stage of the simulation, described here.

B. Macrocrack Simulation: Calculation of Fracture
Toughness (Kr)

Figure 4 shows a typical behavior of the tensile stress at
the microcrack (o,,”) as a function of the applied load (X).
The fracture criterion in this case is oy,”, which reaches the
critical value o, which was calculated in the previous stage.
For the case shown here, the size of the microcrack is 1 um;
the rate of loading is dK/dt = 0.01 MPaVms ™. As the tem-
perature is increased and the yield stress (friction stress) is
decreased, the applied stress intensity K required for the
tensile stress at Xp to reach the critical value ¢ increases

exponentially. Two possible factors contributing to this

4000 -
«=54%44'
F3000] —
S 0
BIZOOD A 0":35 1-8 " - = n
1000 -
0 L 13
-200 -150 -100 -50

Temperature {°C)

Fig. 3—The microscopic fracture stress (at the microcrack tip) as a func-
tion of temperature; the crack size = 1 um.
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exponential increase are the decrease|in the tensile stress at
the microcrack due to the crack-tip blunting and the increas-
ing effects of the stress field (predominantly compressive)
from the emitted dislocations. This can be seen in Fig-

ure 4(b), where the plastic zone size

(dr) and the radius of

the blunted crack tip (pr) for each temperature measured

at fracture, K-applied = Ky is sho

wn. The plastic zone

size is the distance measured along the slip plane of the far-
thest dislocation from the crack tip. The dislocation source
distance (x) is chosen as p for a crack-tip radius greater
than 4b; otherwise, x, = 4b. Figure 5(a) shows the macro-
scopic fracture toughness, K, as a function of temperature,
for cases with and without considering the effects of crack-
tip blunting. For the case without blunting, the increase in
the fracture toughness (Kz) with terjmperature is small; on

the other hand, a sharper increase i

n the fracture tough-

ness is observed when blunting is accounted for in the sim-
ulation. This striking observation emphasizes the significant
effect of blunting in the increase of fracture toughness with
temperature. This exponential increase in the fracture tough-
ness corresponds to the transition from brittle to ductile

behavior.
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Fig. 5—(a) The fracture toughness (K) as a function of temperature, for
cases with and without blunting; the microcrack size = 1 wm and () the
Jyp— integral calculated for the different temperatures for the blunting
case shown in Figure 5(a).

In Figure 5(b), the J,z, the J,_ integral value at fracture,
calculated from the number of dislocations emitted at the
corresponding load Kz, is shown. The J, is defined as the
sum of the glide forces on all dislocations around the crack
tip.?® In this case, the dislocations are in equilibrium against
the friction stress (7,), and we can compute J, as the prod-
uct of the total number of dislocations (V) and the friction
stress (7). Considering the fact that J,p is calculated from
the number of dislocations emitted at an applied stress inten-
sity factor, K, it is striking to note that the prefactor of the
exponent of the J,-_ temperature curve (0.0255) matches
with that of the Kr_ temperature curve (0.0123), to hold the
known proportionality between K> and J.

In Figure 6, the calculated values of fracture toughness
are compared with the fracture toughness measurements
reported in Reference 3. The carbide sizes found in these
samples range in size from 0.44 to 1.32 pm; in our calcu-
lations, we have used microcracks of comparable size (1 wm).
The results for the blunted case, shown in Figure 5(a) along
with a set of values calculated with X, = 20 pm, is shown
here for comparison. We can see that the model predicts the
rapid increase in fracture toughness at the transition tem-
perature region, and reasonably fits the experimental data.
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Fig. 6—The fracture toughness values from Figure 5(a) (X, = 10 um) and
for X, = 20 pm are compared with experimentally determined values.®!

Considering the simplicity of the present model, the agree-
ment is a good step in predicting the BDT behavior.

IV. SUMMARY AND CONCLUSIONS

A two-dimensional dislocation dynamics simulation is
used to study the crack system involved in the fracture of
ferritic steels; this involves a macrocrack with microcracks
ahead of it. The crack-tip behavior and the BDT predicted
have good agreement at the transition region, where the
fracture toughness increases rapidly with temperature. How-
ever, it should be noted that the model ceases to be valid
at higher temperatures, at which ductile tearing effects will
be significant. According to our model, the two factors that
contribute to the sharp increase in the fracture toughness
with temperature are: (1) the increase in the mobility of
the emitted dislocations and (2) the effect of the crack-tip
blunting of the macrocrack. The mobility of emitted dis-
locations determines the equilibrium position of the dislo-
cations and, thus, also determines the tensile stress at the
microcrack. Additionally, the mobility of the dislocations
around the microcrack determines the crack-tip stress inten-
sity at the microcrack and, thus, the microscopic fracture
toughness (o), which itself ultimately determines the frac-
ture toughness of the material (Kr). However, as can be
seen in Figure 5(a), this alone cannot explain the sharp
upturn at the transition. The amount of crack-tip blunting
is found to be a significant factor in capturing the rapid
increase in the fracture toughness with temperature in the
transition region. ‘
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