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Abstract We present a model for the brittle–ductile

transition in ferritic steels based on two dimensional

discrete dislocation simulations of crack-tip plastic-

ity. The sum of elastic fields of the crack and the

emitted dislocations defines an elasto–plastic crack

field. Effects of crack-tip blunting of the macrocrack

are included in the simulations. The plastic zone

characteristics are found to be in agreement with

continuum models, with the added advantage that the

hardening behavior comes out naturally in our model.

The present model is composed of a macrocrack with

microcracks ahead of it in its crack-plane. These

microcracks represent potential fracture sites at

internal inhomogeneities, such as brittle precipitates.

Dislocations that are emitted from the crack-tip

account for plasticity. When the tensile stress along

the crack plane attains a critical value rF over a

distance fracture is assumed to take place. The

brittle–ductile transition curve is obtained by deter-

mining the fracture toughness at various

temperatures. Factors that contribute to the sharp

upturn in fracture toughness with increasing temper-

ature are found to be: the increase in dislocations

mobility, and the decrease in tensile stress ahead of

the macrocrack tip due to increase in blunting, and

the slight increase in fracture stress of microcracks

due to increase in plasticity at the microcrack. The

model not only predicts the sharp increase in fracture

toughness near the brittle–ductile transition temper-

ature but also predicts the limiting temperature above

which valid fracture toughness values cannot be

estimated; which should correspond to the ductile

regime. The obtained results are in reasonable

agreement when compared with the existing exper-

imental data.

Keywords Fracture � Brittle–ductile transition �
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1 Introduction

Brittle–ductile transition in ferritic steels undoubtedly

has significant economical and technological impor-

tance as a result of the widespread applications of

these steels in nuclear pressure vessels, power plants,

hydrogen tanks, etc. Since the introduction of crack-

tip plasticity models for Brittle–Ductile Transition

(BDT) (Rice and Thomson 1974), interest in the

study of the phenomenon continued in the literature

(Rice 1992; Hirsch et al. 1989; Hirsch and Roberts

1991, 1997). Rice and Thomson (1974) were the first
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to analyze the problem; by equating the competing

forces acting on a dislocation near the crack-tip, and

derived a relation for the intrinsic brittleness or

ductility of a material based the dislocation core

width and other material parameters. Rice (1992)

further refined these conditions by obtaining the

critical loadings for dislocation emission and cleav-

age. He equated the crack-tip driving forces on

distributed shear dislocation cores and cleavage

opening, respectively, to the local resistance of

dislocation propagation and cleavage along the slip/

crack plane. The process (either emission or further

opening), which has equal driving force and resis-

tance at the lowest applied load, determines the

failure mode. Failure is thus controlled by two

material parameters, the surface energy (c) and the

unstable stacking fault energy (cus) (Rice 1992). With

increasing computational power, numerical models

have been 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 (Hirsch

et al. 1989; Hirsch and Roberts 1997) to study the

effect of dislocation mobility and dislocation source

configurations on the BDT of Si.

Despite these advances in understanding the BDT

of simple single crystalline materials, the prediction

of BDT of practical materials like steels still relies

heavily on empirical and continuum methods that

embody constitutive laws. It is well accepted now

that the fracture of ferritic steels at low temperatures

range where it propagates by cleavage, originate in

microcracks (mostly in precipitates) ahead of a

dominant macrocrack. The dominant macrocrack

may be intentionally introduced by pre-cracking a

test specimen or may exist as a surface crack in

practical structures. The high value of the fracture

toughness in ferritic steels ([30 MPaHm in the

cleavage regime; compared to 1 MPaHm calculated

from surface energy considerations alone) is attrib-

uted to the observation that cleavage is initiated from

microcracks ahead of the macrocrack (Orowan 1945).

Experiments have showed that these microcracks

mostly originate in precipitates (McMahon and

Cohen 1965; Bowen et al. 1987), and the propagation

of these microcracks is the controlling step in the

fracture of ferritic steels (McMahon and Cohen 1965;

Ritchie et al. 1973; Curry and Knott 1979). Thus,

cleavage fracture in steels can be considered as a two

step fracture process: (1) the generation of micro-

cracks as a result of stress concentrations at the non-

deformable particles generated by local plastic flow

in the matrix, (2) the propagation of these micro-

cracks in the matrix. Based on numerous

experimental evidences (e.g. McMahon and Cohen

1965; Ritchie et al. 1973; Curry and Knott 1979), it is

now widely accepted that the critical step in such

two-step fracture process is the second step or the

propagation of microcracks. For this reason, in this

paper we model and simulate the condition for

propagation of microcracks. The dislocation simula-

tion method has recently been used to model the

initiation of cleavage of ferritic steels at low temper-

ature (Roberts et al. 2002). A finite slit crack, loaded

under triaxial stress, is used to study the cleavage

initiated by brittle precipitates. The model predicts

the near constancy of the microscopic cleavage

fracture stress (rF) with temperature observed in

many experiments and has showed reasonable quan-

titative agreement with experiments (Bowen et al.

1987).

Ritchie, Knott and Rice (RKR) (Ritchie et al.

1973) used solutions based on Hutchinson, Rice and

Rosengren (HRR) (Hutchinson 1968; Rice and Ro-

sengren 1968) and Finite Element Analysis (FEA) to

simulate the plastic zone. In these simulations, a

critical tensile stress achieved over a characteristic

distance ahead of the crack is used as an appropriate

failure criterion. This distance is essentially a fitting

parameter and RKR (Ritchie et al. 1973) used a value

equal to twice the average grain diameter. The model

successfully predicts the lower-shelf fracture tough-

ness, but fails to predict the sharp increase with

temperature near the transition temperature. Statisti-

cal models have also been introduced to predict the

brittle–ductile transition in steels (e.g. Curry and

Knott 1979; Beremin 1983; Wallin et al. 1984) where

the statistical aspect of cleavage fracture in practical

steel was recognized. In these models, FEA solutions

of crack-tip plasticity were used to obtain the stress

fields ahead of the crack. In the Beremin model

(Beremin 1983), 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. (Wallin

et al. 1984), extended the model to the transition

region by using and empirical relation for the

S. J. Noronha, N. M. Ghoniem

123



variation of the effective surface energy (cs + cp) with

temperature, where cs is the true surface energy and

cp the plastic work done during propagation. This

eventually led to the Master Curve (MC) hypothesis,

which states that the brittle–ductile transition of all

ferritic steels follows a universal curve (Wallin et al.

1984; Wallin 1993). Even though the MC is used to

check the reliability of structures under irradiation

(ASTM Standard Test Method 2002), a clear under-

standing of the physical basis of this methodology is

still lacking (Natishan and Kirk 2000). Odette and He

(2000) explained the master curve using a micro-

scopic fracture stress (rF) that remains constant at

low temperatures and increase at higher temperatures.

Some experimental findings (Bowen et al. 1987;

Ortner and Hippsley 1996) indicate that the fracture

stress is not sensitive to temperature, and more

careful experiments and simulations may be required

to determine the temperature dependence of rF. Here

we find a slight increase in rF with temperature, but

quite different from what is assumed by Odette et al.

(Odette and He 2000).

As mentioned earlier, discrete dislocation simula-

tions of crack-tips were successful in predicting the

brittle–ductile transition (BDT) of simple single

crystalline materials (e.g. Hirsch et al. 1989; Hirsch

and Roberts 1991). The advantage of this approach

over continuum methods is that fundamental material

behavior, such as change in dislocation velocity and

the mutual interactions of dislocations can be treated

dynamically. By these simulations, it has been found

that the dislocation mobility plays a significant role in

determining the transition temperature (Hirsch et al.

1989; Hirsch and Roberts 1991). However, the

variation of dislocation mobility alone cannot explain

the BDT behavior in multiphase materials. An earlier

attempt to model the BDT of complex materials like

steels (Hirsch and Roberts 1997) predicted the lower

shelf fracture toughness substantiating the Orowan’s

postulate (Orowan 1945) on high fracture toughness

measured at low temperature. However, the model

failed to predict the sharp increase of fracture

toughness around the transition temperature region.

Recently we introduced a model including the effects

of macrocrack-tip blunting and a preliminary analysis

was reported in (Noronha et al. 2006).

Here, we present a discrete dislocation simulation,

where the following features are introduced: (a) the

plasticity at the microcrack tip, (b) macrocrack-tip

blunting; the distance of the critical microcrack from

the notional crack-tip is related to the radius of

curvature of the blunted macrocrack tip. In the

following section, we outline the detailed procedure

of the methodology used in the present simulation.

Then in Sect. 3, we present a detailed analysis of the

simulated crack-tip plastic zone. In Sect. 4, we

discuss the results and analysis of fracture toughness

calculations. We further compare our predictions

with experimental results reported in the literature.

Finally, we summarize the results and discuss impli-

cations of our model.

2 Model and method of calculation

2.1 Overview

From the results of numerous experiments conducted

on the fracture of steels it is now established that: (a)

the measured microscopic fracture stress (at micro-

cracks) is found to be substantially higher than that of

the pure Griffith value for pure iron (Bowen et al.

1987; Ortner and Hippsley 1996); (b) several cracked

brittle particles are found to be present in broken

samples (Bowen et al. 1987; Ortner and Hippsley

1996; Bowen and Knott (1986); consequently it is

concluded that the critical step in the fracture

processes is the spread of cleavage from one of the

cracked particles; (c) pre-cracks (macrocracks) blunt

substantially before the fracture of the specimen

occurs at the transition region. However, examination

of the fracture surface reveals that cracks propagate

predominantly by cleavage (Veistinen and Lindroos

1984; Bowen et al. 1986), (d) Stress fields obtained

by finite element analysis of blunted crack on elastic-

plastic material shows that the tensile stress ahead of

the crack on the crack plane has a maxima at some

distance ahead of the crack-tip (McMeeking 1977).

Based on these observations, the present model has

the following features:

(1) At the microcrack, the emission of dislocations

and subsequent shielding of the microcrack-tip

(a detailed study of this and the observed

constancy for microscopic fracture stress is

reported in an earlier study (Roberts et al. 2002).

(2) A microcrack in the field of macrocrack; the

failure criterion is the cleavage crack propaga-

tion from the microcrack.
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(3) Blunting of the macrocrack resulting from

dislocation emission; we therefore use the

elastic crack-tip stress field for blunted cracks.

(4) The position of the microcrack is assumed to be

ahead of the crack at a constant distance with

respect to the blunted macrocrack tip.

As shown schematically in Fig. 1, the macrocrack

is assumed to be semi-infinite, with dislocation

sources close to the crack-tip. Dislocations are

emitted simultaneously along two slip planes, sym-

metrically oriented to the crack plane and inclined at

an angle, a to the crack plane. As the load is

increased, dislocations are emitted and the crack-tip

gets blunted, which is schematically illustrated in

Fig. 1b. As blunting increases:

(a) The crack tip fields are modified to be that of a

blunted crack (Creager and Paris 1967).

(b) The source position (x0) with respect to the

centre of curvature of the blunted crack along

the slip plane is selected to be equal to the

crack-tip radius, i.e. x0 = q + 4b when q[ 4b,

where b is the magnitude of Burgers vector

(initial x0 is chosen to be 4b following an earlier

study) (Roberts et al. 2002). The radius of the

blunted crack, q, is taken to be equal to N b

sina, where N is the number of dislocations and

a is the slip plane angle.

(c) The notional crack-tip from which the image

stresses of dislocations are calculated is always

located at the center of curvature of the blunted

crack.

The plastic zone developed by the arrays of emitted

dislocations from the macrocrack modifies the field

ahead of it to that of an elastic–plastic material with

hardening. During loading, dislocations are emitted

from source positions when the resolved shear stress

reaches a value sy, where sy is the mean friction stress

experienced by dislocations and may be due to the

effect of all types of obstacles in dislocation motion

including impurities, precipitates, grain boundaries,

etc, in addition to the lattice friction. The resolved

shear stress (si) is obtained using expressions based on

derivations for finite crack (Wang and Lee 1990), and

semi-infinite crack (Lakshmanan and Li 1988) for

respective cases. An emitted dislocation (i) moves on

the respective slip with a velocity:

vi ¼
si � sy

si

� �
si

s0

� �m

v0 ð1Þ

when sij j[ sy, and mi = 0 when sij j\sy, with

Fig. 1 (a) The geometry of

the crack and slip planes

used in the macrocrack–

microcrack simulation

model. The slip planes

angles are oriented at a and

a0 to the crack planes of

macrocrack and microcrack

respectively, 2r is the

microcrack size and XP, the

distance of the microcrack

from macrocrack tip. K is

the applied load at the

macrocrack. (b) Schematic

illustration of crack-tip

blunting. q is the radius of

the blunted crack-tip, The

distance of the microcrack

from center of curvature of

the blunted crack increases

from Xp to Xp + q
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m = 2.67 and m0 = 4.545 · 10–10 ms–1 and s0 = 1

MPa estimated based on dislocation velocity mea-

surements (Saka et al. 1973). Since the dislocations

move only when sij j[ sy they are in their equilib-

rium positions at any given time. We used a constant

value of v0 for all temperatures so that equilibrium

configuration could be reached faster at low temper-

atures. Since we seek the equilibrium distribution of

dislocations at each case, the temperature and strain

rate dependence of measured fracture toughness (KF),

plastic zone size (dF), crack-tip opening displace-

ment, etc. are determined only by the temperature and

strain-rate dependence of the mean friction stress

(sy). In turn, sy is chosen to be equal to shear yield

stress ry/2 assuming the material to follow the Tresca

yield criterion. The ry is the measured uniaxial yield

stress at a given temperature. Alternatively, we can

use other relations to relate uniaxial yield stress to

shear yield stress (Stoller and Zinkle 2000). However,

they differ only in a numerical constant and hence the

results should hold for any relation used. The

temperature-yield stress relation used throughout this

paper is obtained from the Zerilli-Armstrong equa-

tions for BCC Fe (Zerilli and Armstrong 1986), the

calculated yield stress or flow stress dependence is

shown in Fig. 2. Thus, the temperature dependence of

fracture toughness is obtained by inputting the

corresponding mean friction stress value for each

temperature. For our simulations, the yield stress (ry)

varies from 1200 to 200 MPa, corresponding to

temperatures ranging from 30 to 400 K. The load is

incremented at a rate dK/dt ( = 0.01 MPaHm s–1); a

variable time step is used to assume that dislocations

move as an array, and numerical instabilities are

avoided. Also once the dislocations are moved far

away from the crack-tip we use ‘‘bundling of

dislocations’’ (Roberts 1996) to speed up the

computation.

Our simulations are preformed in two stages: the

microcrack is first loaded to failure and the micro-

scopic fracture stress (rF) is estimated. The obtained

microscopic fracture stress (rF) values are then used

as the fracture criterion in the macrocrack simulation.

2.2 Microcrack simulation: calculation of

microscopic fracture stress (rF)

A finite through thickness crack with dislocation

sources located on four slip planes oriented at angles

symmetric to crack planes at both crack-tips is used.

The configuration is shown on the right hand side of

Fig. 1. The criterion for dislocation emission is that

the total shear stress acting on a dislocation at the

source position, including the crack tip field stress,

the direct stress and image stress due to dislocations.

The crack-tip stress field derived for mode-I slit crack

in (Wang and Lee 1990) consists of the K-field from

the loaded finite crack and the far field applied stress.

But, here we consider the microcrack situated in the

plastic-zone ahead of a loaded semi-infinite maro-

crack. In this case in plain strain the ‘‘applied’’ stress

field acting on the microcrack is triaxial. As a first

approximation we describe the stress state in the

plastic zone under plane strain conditions, ahead of

the marcocrack-tip as a superposition of hydrostatic

tensile stress and a shear stress (ry/2) at 45� to the x–

y axes. The shear stress is equivalent to a tensile

stress of (ry/2) normal to the crack plane (y-axis), and

a compressive stress (–ry/2) in the crack plane

normal to the crack front (x-axis). Since the compo-

nents of stress field parallel to the plane of the

microcrack do not affect the strength of the K-field,

the total strength generating the K-field can be

represented as a tensile stress (ra = rh + ry/2) along

the y-axis normal to the plane of the microcrack. On

the other hand, the non-K filed stress which causes

slip directly is the shear stress ry/2 at 45� to the x, y

axis, which is equivalent to a uniaxial yield stress ry

along the y-axis. This mimic the triaxial stress field at

the microcrack embedded in the plastic zone of a

macrocrack. In the expressions for the stress fields

given in (Wang and Lee 1990) we replaced the tensile

component of far field stress (ra) with the uniaxial
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Fig. 2 The flow stress as a function of temperature for BCC

iron calculated from Zerelli-Armstrong (1986)
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yield stress (ry) for instances when ra [ ry (that is

when the material is yielded). Thus the simulations

with ra [ ry represent the development of plasticity

around the microcrack in the plastic zone of the semi-

infinite macrocrack.

On loading, edge dislocations are emitted when the

resolved shear stress at the source positions exceed

sy. The emitted dislocations move with the velocity

law described in equation (1); once moved to their

equilibrium positions the amount of shielding (kd)

from these dislocations at the crack-tip are calculated

using expressions derived in (Wang and Lee 1990).

The emitted dislocations shield the crack tip from

external loading, thereby enhancing the stress needed

for the crack to propagate. The microcrack propa-

gates when the crack-tip stress intensity (k) exceeds a

pre-assigned critical value, k = ka–kd = KIc, where ka

is the ‘‘applied’’ stress intensity factor and kd is the

stress intensity factor due to all the dislocations at the

microcrack tip. Here the value of KIc is chosen to be

that for cleavage of pure iron which is found to be

1 MPam1/2. The applied load (rA = ka/Hpr, r is the

half-width of microcrack) at fracture is the micro-

scopic fracture stress (rF).

2.3 Macrocrack simulation: calculation of

fracture toughness (KF)

A schematic illustration of the macrocrack simulation

is shown on the left hand side of Fig. 1. A semi-

infinite crack, with dislocation sources at x0 (x0 is

chosen as described in Sect. 2.1) is loaded. Disloca-

tions are emitted simultaneously along the two slip

planes, symmetrically oriented to the crack plane.

The slip plane angle fore detailed simulations are

chosen to be 70.5�; the direction of maximum shear

stress of the elastic crack-tip field. As we demonstrate

in the next section, the slip plane angle 70.5� matches

best with continuum estimates. During the simula-

tion, the applied stress intensity is increased in small

increments and the equilibrium positions of disloca-

tions are determined. As the load is increased, more

and more dislocations are emitted and the macrocrack

gets blunted. At each time step, the stress ahead of the

macrocrack at distance Xp (the microcracks are

assumed to be at this position) along the crack plane

is calculated using the expressions derived in (La-

kshmanan and Li 1988). Fracture is assumed to occur

when the tensile stress (ryy
p ) at distance Xp (at the

particle) reaches rF. The applied load at the macro-

crack, when the fracture criterion is satisfied is the

stress intensity at fracture (KF) or fracture toughness.

The calculation is repeated for yield stresses ranging

from 300 to 1200 MPa corresponding to temperatures

from 350 to 25 K. Throughout the simulation, a

microcrack of size 2.5 lm is used; this value is

chosen as a typical maximum value in the range of

sizes of microcracks found in experiments (Roberts

et al. 2002). The detailed simulations reported here

are obtained using Xp = 10 lm. These values of

microcrack size and its distance from the crack were

chosen as typical values of largest microcrack size

and smallest grain size in this type of steels. It should

be noted these typical (mean) values are strictly valid

only if the sampling space is large enough or the

microstructure is homogenous. However, the sam-

pling may not be large enough and may be the reason

for commonly observed scatter in the measurement of

fracture toughness. However, it should be noted that

if we average a sufficient number of values, the

functional form of the variation of fracture toughness

with temperature will follow the mean curve corre-

sponding to the one we estimate here.

3 Results and discussion

3.1 Analysis of crack-tip plastic zones

Figure 2 shows the dependence of the yield stress on

temperature obtained from Zerilli-Armstrong model

using parameters for BCC Fe (Zerilli and Armstrong

1986). This temperature dependence data was used

for all the simulations presented in this paper unless

mentioned otherwise. The flow stress is calculated

using r ¼ c1 expð�c3T þ c4T ln _eÞ þ c5en where,

c1 = 1033 MPa, c3 = 0.00698 (K–1), c4 = 0.000415

(K–1), _e = 407 c5 = 2.66 MPa, e = 0.01, n = 0.289.

Figures 3a and b show the normalized tensile stress

field ahead of the crack, along the crack-plane as a

function of the normalized distance from the crack-

tip. The curves represent the stress field for an applied

K = 20 MPaHm. It should be noted that the stress

fields beyond a normalized distance of 0.1–1.0 from

the tip asymptotes to the elastic field and decay as X–

1/2. The distance at which the elastic behavior is

resumed marks the end of projection of plastic zone

S. J. Noronha, N. M. Ghoniem

123



size on the crack plane. Figure 3a shows the stress

field calculated for three different slip plane config-

urations: (a) for a single slip plane case, one slip

intersecting the crack tip and oriented at an angle 70�
to the crack plane; (b) for two slip planes, the slip

planes are symmetric to the crack plane (as shown

schematically in Fig. 1); (c) configuration for 4 slip

planes case, the slip planes are symmetric to the crack

plane and are oriented at a = ±110�, ±70.5�. Assum-

ing that these curves have power-law dependence on

the distance from the crack tip (r–N), we fit these

points with a power-law and the exponents are found

to be N = 0.32 and 0.25, respectively, for the single

and double slip plane cases. For the 4 slip plane case,

there is hardly any region of power-law dependence;

the decay of stress field is rather nearly flat. The HRR

(Hutchinson 1968; Rice and Rosengren 1968) field is

characterized using, rHRR�X�n=ðnþ1Þ, where n is the

hardening exponent of the material. Therefore, the

exponents of the stress field variation in our model is

related to the hardening exponent as n/n + 1 = N.

Thus, the hardening exponent in the case of single

slip plane is 0.5, and that of two slip plane case is

0.33. The value of two slip plane (0.33) is closer to

the value obtained experimentally for strain harden-

ing exponent for this type of steel. Thus the

agreement with continuum models has substantially

improved compared to previous estimations from an

asymmetric single slip plane cases (e.g. Hirsch and

Roberts 1997). In Fig. 3b, the effect of slip plane

angle is shown. The hardening exponents for three

crystallographically relevant (for BCC Fe) angles

along with the maximum shear stress direction

(70.5�) are shown. The exponents of power law

variation of stress field along the crack-plane for slip

plane angles, 35, 45, 54 and 70.5� are, 0.396, 0.365,

0.335 and 0.252 respectively, and the corresponding

hardening exponents are, 0.66, 0.53, 0.50 and 0.33

respectively. As noted earlier, the hardening exponent

(0.33) for 70.5� cases is closest to the room temper-

ature hardening exponent values of steels. Thus we

use two slip planes oriented ±70.5� to the crack plane

in all the simulations reported here in this paper.

It should be noted that the plastic zone simulated

here is generated from single sources emitting

dislocations along each slip plane; where as the

plastic zone in reality would be resulting from

multiple sources and extended over many slip planes.

However, this is a very good approximate model

since as has been found in other simulations (Cleve-

ringa et al. 2000; Noronha et al. 2000) even if

randomly distributed active dislocation sources are

allowed to operate in many slip planes, only few slip

planes close to the crack-tip are shown to generate

dislocations, or in other words, the plastic zone is

found to be very narrow and coincident with the

crack-tip. An added advantage or our method in

comparison to (Cleveringa et al. 2000) is that the

simulation in single slip plane allow us to ‘‘bundle

dislocations’’ that are far away from the crack tip;

there by enhancing the speed or our computation.

Note in our method the applied load that could be

reached in less than a week’s computation is greater

than 100 MPam1/2 where as the loads reported using

the method in (Cleveringa et al. 2000) is less than

10 MPam1/2.

(a)

(b)

4 slip planes

0.1

1

10

100

1.E-6                        1.E-4                          1.E-2                          1.E+0
X/(K/σy)

2

σ
/ yy
σ y

1 slip plane

2 slip planes

0.1

1

10

100

1.E-6                         1.E-4                          1.E-2                           1.E+0

X/(K/σy)2

σ
yy
/ σ

y

35

70

45
54

Fig. 3 (a) The normalized tensile stress ahead of the crack-tip

as a function of normalized distance from the crack-tip for

different number of slip planes. (b) The normalized tensile

stress ahead of the crack-tip as a function of normalized

distance from the crack-tip for four different slip planes angles;

the numbers represent the angles used. For each case two

symmetric slip planes are used
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3.2 Calculation of microscopic fracture stresses

(rF)

A through thickness crack of configuration shown on

the right side of Fig. 1a is loaded monotonically in

Mode-I, and dislocations are emitted along four

symmetric slip planes oriented at a0 = ±70.5� to the

crack plane. Following an earlier study on the effect

of source position (Roberts et al. 2002), we have

chosen the source positions as 4b, (b = 2.54 Å) along

the slip planes. The stress fields of the emitted

dislocations shield the crack-tip from the external

load. Once moved to their equilibrium position, the

amount of shielding from each dislocation is calcu-

lated using expressions from (Wang and Lee 1990),

and the total shielding at each crack-tip is obtained by

summation. The crack-tip stress intensity is calcu-

lated at each time step and when it reaches a critical

value k = KIc = 1.0 MPaHm (value estimated for Fe

with surface energy of 2 Jm–2) (Price et al. 1964), the

crack is assumed to propagate and the corresponding

applied load is the microscopic fracture stress (rF).

The microscopic fracture stress (rF) is determined

for a range of crack sizes from 0.1 to 5 lm. The

fracture stresses (rF) determined for different tem-

peratures for a given crack-length is shown in Fig. 4.

It should be noted that the fracture stress (rF) of any

given crack size vary only slightly with temperature,

consistent with some experimental observations (e.g.

Bowen et al. 1987). Note this slight increase in rF

with temperature is in contrast to our earlier calcu-

lations (Roberts et al. 2002). The difference is in the

slip plane angles chosen. In (Roberts et al. 2002) we

considered dislocation emission along

crystallographically plausible crack and slip planes,

there by the number of dislocation emitted were less

than that emitted for 70.5�. Considering only one of

the most active slip planes obviously is an approx-

imation and represents crack-tip plasticity confined to

one single grain. However using 70.5� generates a

plastic zone that is representative of plastic zone

extended into several grains. Also, note the variation

of rF we find is different from that assumed by

Odette and He (Odette and He 2000) to explain the

Master Curve. They used a constant rF at low

temperature where the decrease in yield stress with

temperature is rapid and an increasing rF at higher

temperature where the yield stress variation with

temperature is slow. Here, we find a montonic

increase (though very marginal) in rF with temper-

ature. The values of rF obtained and the

corresponding mean friction stress is used to calculate

the macroscopic fracture toughness (KF).

3.3 Macrocrack simulation: calculation of

fracture toughness (KF)

Figure 5 shows typical behavior of the tensile stress

(ryy
p ) at the microcrack position XP as a function of

the applied load (K). The fracture criterion in the

simulation is ryy
p reaching the critical value rF,

(calculated in the previous stage) at XP, the distance

of the critical particle (microcrack) from the macro-

crack tip. For the case shown here, the size of the
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Fig. 4 The microscopic fracture stresses (rF) as a function of

temperature for cases of four different microcrack sizes
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Fig. 5 The tensile stress at the microcrack (ryy
p ) as a function

of applied K for different temperatures. The temperature

increases from left to right. The mean friction stress values

corresponding to curves from left to right are 600–100 MPa at

intervals of 50 MPa. (Note, the last two curves on the right

may correspond to ductile regimes and only part of them are

shown for clarity)
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microcrack is 2.5 lm, the rate of loading, dK/

dt = 0.01 MPaHms–1. As the temperature is

increased the yield stress (or mean friction stress) is

decreased, the applied stress intensity K required for

the tensile stress at XP to reach the critical value rF

increases rapidly. Note the abscissa of the end point

of each curve corresponds to the applied K at fracture

(KF); with increasing temperature, the KF increase

‘‘exponentially’’. From left to right the curves corre-

spond to decreasing yield stress or increasing

temperatures. The two left most curves are displayed

only partly for clarity; the last curve may correspond

to limiting temperature at which cleavage fracture

toughness can be estimated since the plastic zone size

estimated for this case is larger than standard plane

strain fracture test specimen sizes.

Thus, we can interpret the three major factors

contributing to the sharp increase in fracture tough-

ness with temperature as: (1) the decrease in tensile

stress at the microcrack due to crack-tip blunting, (2)

the increasing effects of a predominantly compressive

stress field on the crack plane by emitted dislocations

and (3) the increase in rF due to increase in

microcrack tip plasticity with temperature. The effect

of the first two factors can be seen in Figs. 6a–c,

where the number of dislocations, the plastic zone

size (dF) and the radius of the blunted crack-tip (qF)

for each temperature measured at fracture, that is

when K-applied = KF is shown. The plastic zone size

is the distance of the farthest dislocation from the

crack-tip measured along the slip plane. The effect of

increasing rF with temperature can be seen in

Fig. 7a, which shows the macroscopic fracture

toughness, KF, as a function of temperature for cases

with varying rF and for a constant rF. The squares

represent fracture toughness estimated using rF

calculated in the last section. For comparison KF

estimated using a constant rF = 3 GPa is also shown

(marked diamond). The third curve shown is the KF

estimate with constant rF and without blunting of

macrocrack tip. It should be noted that for the case

without blunting, the fracture toughness (KF) almost

flattens at higher temperatures; similar to the predic-

tions of (Ritchie et al. 1973). On the other hand, an

increase in the fracture toughness is observed when

blunting is accounted for in the simulation. The

increase is even sharper when the slight variation

found in rF estimates is also accounted. The finding

emphasizes the significant effect of macrocrack tip

blunting in the increase of fracture toughness with

temperature. Also the slight increase in rF further

contributes to the rapid increase in fracture toughness

with temperature. This sharp increase in the fracture

toughness corresponds to the transition from brittle to

ductile behavior. It should be noted that the estimated

KF shoots up beyond the data shown in Fig. 7a;

however the corresponding dF and qF becomes too

large to be accommodative in a fracture test specimen

and may correspond to limiting temperatures where

cleavage fracture toughness estimation is possible for

the chosen conditions.
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Fig. 6 (a) The number of dislocations emitted at fracture as a

function of temperature (T). (b) The plastic zone size (dF)

calculated at KF for each temperature is shown. (c) The crack-

tip radius (qF) and the plastic zone size (dF) calculated at KF

for each temperature is shown
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In Fig. 7b the J2F, the J2––integral value at

fracture, calculated from the number of dislocations

emitted at the corresponding load KF is shown. J2 is

defined as the sum of the glide forces on all

dislocations around the crack-tip (Shi et al. 2004).

In this case, the dislocations are in equilibrium

against the friction stress (sy) and we can compute J2F

as the product of the total number of dislocations (N)

and the friction stress (sy). Considering the fact that

J2F is calculated from the number of dislocations

emitted at applied stress intensity, KF, it is striking to

note that the linear relation between J2F and KF
2 is

perfectly obeyed.

3.4 Comparison with experiments (Master Curve

Data)

To compare our model with existing experimental

data, we plot the data set used to construct the Master

Curve (MC) originally (Wallin 1993). According to

the MC hypothesis, the shape of the brittle–ductile

transition curve is universal for all steels and can be

expressed by a single expression of the form

KðT0Þ ¼ 31MPa
ffiffiffiffi
m
p
þ 70MPa

ffiffiffiffi
m
p

: exp 0:019=�Cf
ðT � T0Þg where T0 is the reference temperature

specific to a material and T is the temperature in �C.

Thus all fracture toughness data of ferritic steels can

be collapsed to this curve using an appropriate T0

specific to the material. In Fig. 8, the fracture

toughness data compiled and reported by Wallin in

(Wallin 1993), is shown along with fracture tough-

ness values calculated using our model. The diamond

symbols correspond to experimental data points, and

the broken line shown is the Master Curve. The

toughness values calculated using our model (the

open squares connected by solid line) is plotted along

side using a reference temperature, T0 = + 40�C. The

T0 value is chosen arbitrarily to move the model

curve to the MC; however it should be noted that the

shape of the transition curve is not affected by T0. It is

remarkable to note that the shape of the model curve

is very similar to the Master Curve, thus infact the

model proposes a physical basis to this empirical

relation.

4 Summary and conclusions

The fracture of ferritic steels involves a macrocrack

with microcracks ahead of it in its crack plane; we

performed a two dimensional dislocation simulation

of this system. The stress field along the crack plane

(y = 0) obtained by our simulations for a plain strain

semi-infinite blunted crack is comparable to the HRR

field along the crack plane. We calculated the fracture
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2
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Fig. 8 The estimated fracture toughness (KF) values are
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toughness at different temperatures by inputting the

corresponding yield stress which in turn determines

the friction stress for dislocation motion. The sharp

increase in fracture toughness around the brittle–

ductile transition temperature is found to be a

combined effect of the following factors: (a) the

increase in mobility of emitted dislocations with

temperature, (b) the decrease in tensile stress along

the crack plane due to crack-tip blunting and the

compressive stresses on the crack-plane due to the

emitted dislocations from the marcocrack, and (c) the

increase in microcrack-tip plasticity and the conse-

quent increase in rF with temperature. The mobility

of emitted dislocations determines the equilibrium

position of dislocations and thus determines the

tensile stress at the microcrack. Also the mobility of

dislocations around the microcrack determines the

crack-tip stress intensity at the microcrack, and thus

the microscopic fracture toughness (rF), which

ultimately determines the fracture toughness of the

material (KF). As can be seen in Fig. 7a, even though

the blunting alone loads to an upturn of the transition

curve that is not sufficient to produce a sharp increase

in fracture toughness as observed in experiments. The

increasing rF with temperature contributes to even

sharper upturn at the transition. The model compares

well with the Master Curve data; using a reference

temperature the model is compared with the Master

Curve, thus proposing a physical basis for the Master

Curve.
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