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Abstract 

The fracture behaviour of single crystal pure iron was studied by four-point bending of pre-

cracked specimens at temperatures between 77K and 180K and strain rates between 

4.46  10
-5

 and 4.46  10
-3

 s
-1

. Fracture behaviour changes from brittle to ductile with 

increasing temperature. The brittle-ductile transition temperature increases with increasing 

strain rate. The relation between brittle-ductile transition temperature and strain rate follows 

an Arrhenius relation, giving an activation energy for the brittle-ductile transition of 0.33 eV. 

Dislocation-dynamics simulations of the crack-tip plasticity and resultant shielding of the 

crack tip were performed using two different variants of the dislocation velocity / stress / 

temperature relation. The models predict an explicit brittle-ductile transition, and give a good 

quantitative fit to the experimental transition temperatures.   
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Introduction 

Many materials fail in a brittle manner at low temperatures and deform plastically at high 

temperatures. The most common type of brittle-ductile transition (BDT) observed in many 

single crystal metals and intermetallics is a “gradual” transition, where the fracture toughness 

increases gradually over a range of 100K or more between low test temperatures up to the 

transition temperature, Tc, above which the material is ductile. This type of BDT is seen in, 

for example, Ge 
1
, Mo 

2,3
, W 

4
, γ-TiAl 

5
, NiAl 

6
 and MgO 

7
. The other type of transition is 

“sharp”, where the fracture toughness is constant below Tc, and increases rapidly only within 

a few degrees of Tc; this has been seen in Si 
8,9,10,11

, Al2O3
 12

 and Fe-3%Si 
13

.  

For both types of transition, the relation between the strain rate,  , and the transition 

temperature, Tc, has been found  empirically to be given by: 

  a cA exp -E /kTε    (1) 

where A is a pre-factor, k is Boltzmann’s constant and Ea is the activation energy for the 

BDT. In materials where data exist for comparison, the value of Ea is found to be close to the 

activation energy for dislocation glide, indicating that the BDT in those materials is 

controlled by dislocation glide 
14

. Hirsch, Roberts and Samuels
15

 suggested a dislocation-

based model of plastic-zone evolution in which dislocations emitted from the crack tip glide 

away to form a crack-tip plastic zone. Each emitted dislocation reduces the crack-tip stress 

intensity via elastic interactions (the “shielding” effect). Models of this type have been 

successful in modelling the changes in fracture toughness with temperature in the brittle 

regime in many materials 
16,17

; however, to model the brittle-ductile transition itself, 

additional assumptions are required about the origins and behaviour of the dislocation 

sources (e.g. in Si 
15

). These models have also been adapted to model fatigue crack growth 
18

 

and brittle-particle-initiated fracture in steels 
19

 . 
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In the present study, the brittle-ductile transition behaviour of pure single crystal iron was 

investigated, measuring the fracture toughness over a range of temperatures and strain rates. 

The activation energy for the BDT was derived from the variation of Tc with strain rate, 

according to equation (1). Dislocation-dynamics simulations of crack-tip plastic zone 

development were performed using a dislocation velocity law based on a kink-nucleation 

mechanism
20

 (with no prior assumption that the value of the activation energy for the BDT 

obtained in this study is that for dislocation glide). Simulations were also performed using an 

empirical velocity law based on the available (very limited) dislocation velocity data for 

iron
 21

, using the experimentally-measured activation energy. 

Experimental  

Iron single crystal was supplied by Metal Crystal and Oxides, Cambridge, UK. Specimens 

were crystallographically aligned by Laue X-ray diffraction, cut to size using a diamond-

bladed wafering saw, and then polished by a succession of diamond pastes on laps and 

cloths, finishing with an electropolish in 10% perchloric acid and 90% acetic acid. The 

specimen geometry used was as shown in Figure 1 (a). A notch and pre-crack with total 

depth of approximately 80 m was introduced into one surface of each beam by electro-

discharge from a sharp edge at room temperature.  Four-point bending tests were performed 

at outer-fibre strain rates of 4.46  10
-5

, 4.46  10
-4

 and 4.46  10
-3

 s
-1

. The test temperature 

was controlled by using liquid nitrogen at 77K and cold nitrogen gas from 100K to 180K; 

during each test, temperature was controlled to within ±0.5K. Fracture toughness, KIc, in 

four-point bending was calculated using the following equation 
22

: 

 ( ) ,   /
Ic frac

K f c c L      

 2 3 4
( ) 1.112 1.40 7.33 13.08 14.0f            (2) 

where σfrac is the fracture stress, c is the crack depth and L is the specimen thickness. The 

crack depth for each specimen was measured after fracture by scanning electron microscope 

examination of the fracture surface.  
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Results  

Fracture toughness measurements and the activation energy for the BDT 

Figure 2 shows fracture toughness as a function of test temperature at strain rates of 

4.46  10
-3

, 4.46  10
-4

 and 4.46  10
-5

 s
-1

. Each point corresponds to a single test. Solid 

diamonds indicate that specimens fractured with no plastic deformation visible via the stress 

strain-curve or in the final specimen shape, and with a planar fracture surface; these were 

classified as “brittle”. Solid squares indicate that the specimens reached 3.5% strain (the test 

rig’s limit) during the test without fracture; these were classified as “fully ductile”. (In these 

cases, the fracture toughness values shown on the figure were calculated using the stress at 

3.5% strain and the mean crack size for the brittle specimens (80 μm), and are thus lower 

limits.) Finally, an intermediate type was observed, where fracture occurred only after a 

significant amount of plastic deformation (2% or more) and work-hardening; the 

corresponding tests are marked as solid triangles; such tests were classified as “high-strain 

fracture”. 

 

The mean fracture toughness value for brittle fracture at 77K over all the strain rates used 

was 11.7 ±1.3 MPa m
1/2

. The brittle ductile transition temperature Tc, indicated by dashed 

lines in Figure 2, was taken as the median of the highest temperature for brittle fracture and 

the lowest temperature for either ductile bending or high-strain fracture. Table 1 shows the 

measured transition temperatures at the three strain rates used; Tc increases with increasing 

strain rate. The value of fracture toughness at the BDT was found to be larger than at 77K.  

 

 

Figure 3 shows an Arrhenius plot of reciprocal transition temperature as a function of 

ln(strain rate), fitting the experimental data to equation (1). The three points obtained at strain 
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rates of 4.46  10
-3

, 4.46  10
-4

 and 4.46  10
-5

 s
-1

 are a good fit to a single line, giving an 

activation energy for the brittle-ductile transition of 0.33 eV.  

Crack-tip dislocation activity 

Figure 4(a) shows a side view of a sample loaded at a strain rate of 4.46  10
-4

 s
-1

 at 144K,  

i.e. slightly above Tc.  The crack has extended from the original notch root, though without 

catastrophic fast fracture. Several slip bands along 110 directions are visible around the 

crack, indicating that dislocations are on }011{  planes. Short wavy lines ahead of the 

straight slip bands indicate that screw dislocations have cross slipped between various glide 

planes. Figure 4(b) shows a schematic drawing of likely crack-tip dislocation configurations. 

Dislocation loops with Burgers vector a/2 111  are generated at sources near the crack tip 

and expand on a }011{  slip plane. When dislocation segments with opposite Burgers 

vectors meet between sources, the reacting segments mutually annihilate, leaving one larger 

loop. This process repeats producing long approximately straight edge dislocation segments.  

The screw segments of the dislocation loops can cross-slip to form the wavy slip lines seen in 

Figure 4(a). 

Dislocation dynamics modelling 

The model 

The dislocations emitted from the crack tip can modify the stress intensity at the crack tip, an 

effect known as “shielding” if the crack tip stress intensity is reduced by the dislocations and 

as “antishielding” if it is increased
 23

. Direct TEM observations of dislocations generated at 

crack tips in MgO and Si have shown that dislocations emitted from the crack tip are of the 

shielding type 
24,25

; this is also the sense of dislocations that will be moved away from crack-

tip sources by the crack tip stress field (antishielding dislocations are attracted to, and 

absorbed by, a loaded crack tip)
26

. The shielding effect of dislocations emitted from the crack 

tip increases the externally applied stress intensity required for fracture. 
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A simple two-dimensional discrete dislocation dynamics model of the crack tip plastic zone 

was originated for silicon by Hirsch, Roberts and Samuels 
27

 and has since been developed 

and applied to other materials
1,2,5,28,29,30

. In the model, a semi-infinite crack has a mode I 

stress applied, linearly increasing with time. The crack tip plastic zone is modelled here as a 

pair of slip planes inclined at an angle ±  to the crack plane, with a dislocation source close 

to the crack tip lying on each slip-plane (previous models used only a single slip plane on one 

side of the crack tip). Dislocations are produced at each source if the total stress there 

positive, and move away along the slip plane, to form a one-dimensional array on each slip 

plane. The shear stress, i, on the i
th

 dislocation in such an array of dislocations is given by: 

 1 1
2 2

( ) ( , , , ) ( ) ,
app app

i i

i jii i j

K K
f g r c L h m

rr c r r

 
    



 
    
 
 

      (3), 

where Kapp is the applied stress intensity factor, ri is the distance of the dislocation from the 

tip of the crack (of length c),  is the angle between the slip plane and the crack plane (45° 

for these simulations (see Figure 1 (b)),  is the material’s shear modulus, L is the specimen 

thickness and f, g, h and m are functions of the variables given. The first term is related to the 

crack-tip stress field, the second term to the specimen bending stress field, the third term to 

dislocation – image dislocation interactions (to satisfy the zero-stress boundary conditions on 

the crack surfaces) and the fourth term to dislocation-dislocation interactions. For edge 

dislocations near a mode I crack, exact solutions for the first, third and fourth terms are given 

by Lakshmanan and Li 
26

; the second term is simple to calculate for a given specimen 

geometry. 

 

Given the local shear stress, the velocity of each dislocation may be calculated for the 

temperature being modelled. Iron is a body-centred cubic metal where screw and mixed-type 

dislocations move much more slowly at a given stress and temperature than pure edge 
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dislocations 
31

. In these simulations, the complex three-dimensional growth of the crack tip 

plastic zone is modelled in two dimensions; hence the dislocation velocity law used was that 

of screw dislocations, as their slower motion controls the rate of emission of dislocation 

loops from dislocation sources
32,33

, and as the velocity of screw and mixed dislocations that 

form most of the loops (see Figure 4 (b)) will determine the positions of the dislocations 

close to the crack tip that will be responsible for the majority of the shielding.   Two types of 

velocity law were used. 

 

The first velocity law is based on the mechanics of motion of a screw dislocation by 

nucleation and expansion of double kinks
20

: 

 
 0

0v v exp
AE V

kT

  
  

 
 (4) 

where v0 is a constant, E0 is the activation enthalpy to create a double-kink pair at zero stress, 

and VA is the activation volume for double-kink formation, typically 20b
3
 
34

. 

Brunner et al. 
35,36,37

 obtained a value of E0 for pure iron by means of stress-relaxation tests, 

and found that E0 depends on the temperature range of the test: 0.93 eV above 250K (regime 

I), 0.74 eV between 120K and 250K (regime II) and 0.60 eV below 120K (regime III). The 

BDT temperatures found in this study are in regime II, giving an E0 value of 0.74 eV.  

 

The second velocity law used was empirical, but one that has been found to be applicable to 

experimental data for a wide range of materials 
38

: 

 0

0

v v exp

m

mE

kT





   
    

  
,        (5) 

where v0, 0 and m are constants, and Em is the activation energy for dislocation glide. 

Assuming that the activation energy for the BDT is that for dislocation glide 
14

, Em = Ea = 

0.33 eV. For each velocity law, v0 or v0 was adjusted to give best fit to experimental data at 



 - 9 - 

one strain rate (the lowest); the experiments at the higher strain rates were then modelled by 

keeping the value of  v0 or v0 constant and increasing the simulated strain rate. 

 

Due to dislocation shielding the stress intensity at the crack-tip is 

 
( )

1/2

1

( ) ( ) ( ) ( )
N t

tip app dis app i

i

K t K t K t K t B r t 



     . (6) 

Where the applied loading rate appK  , and B b  is a positive constant depending on the 

material and geometry
26

. The dynamic part of the dislocation shielding term depends only on 

the distance of each dislocation from the crack tip, r(t), and the number of dislocations N(t). 

The Burgers vector 0.248b nm was taken at an angle of 45˚ to the crack plane.  

 

(Simulations were also performed to explore the possible effects of variants in projecting the  

3-dimensional plastic zone onto 2-dimensional model. The actual / 2[111]ab  is not in the 

slip plane of the simulation; simulations were also performed using a Burgers vector length 

equal that of a/2[111] projected onto the ( 010 ) plane of the simulations. This amounts to 

setting b’ = a/2[101] = (2/3)
1/2

 b. This gives reduced interaction stresses between the 

dislocations, resulting in the number of dislocations at a given applied stress intensity 

increasing by (3/2)
1/2

, so the overall shielding effect and the results of the simulations were 

unchanged; hence the results of such calculations are not given explicitly in this paper.) 

Modelling Results 

Figure 5 shows crack-tip stress intensity Ktip = Kapp - Kdis (i.e. applied stress intensity minus 

the effect of dislocation shielding) as a function of applied stress intensity Kapp, at a strain 

rate of 4.46  10
-5

 s
-1

, using the kink-pair velocity law. The crack size in the simulation was 

80 μm, and the specimen thickness was 1 mm (the values used in experiments). The crack-tip 

stress intensity Ktip reaches a peak value before decreasing with further applied loading. This 

is because the applied strain rate and hence applied stress intensity factor application rate, 
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dKapp/dt, is a constant, whereas the dislocation nucleation rate and hence shielding rate 

dKdis/dt increases with time, eventually exceeding dKapp/dt. It is clear from (6) that the peak 

in Ktip(t) occurs when 

 

1
appdis dis

app

dKdK dK

dt dt dK
=  or 

. (7) 

As the simulated temperature is increased, the dislocation nucleation rate and hence the 

dislocation shielding at a given Kapp increases, hence Ktip decreases; see Figure 5. 

 

If the loading rate and temperature are such that Ktip exceeds the pure-cleavage fracture 

toughness of the material KIc before the peak in Ktip is reached then the material is assumed to 

fracture. The value of Kapp at which this occurs, here termed KF, will be greater than KIc 

because of the effects of dislocation shielding; see eqn. (6). As the simulated temperature is 

increased, the increasing mobility of the dislocations allows more rapid nucleation from each 

source, and hence increased shielding which delays fracture, resulting in a larger value of KF. 

Above a critical temperature (130 K at a strain rate of 4.46  10
-5

 s
-1

, the peak in Ktip falls 

below the cleavage fracture toughness of the material KIc, and fracture cannot occur. 

Eventually the maximum applied stress on the specimen, 1/2( )app appc K   , exceeds the 

yield stress, y  (see Figure 5) and thus the simulation predicts ductile behaviour. Hence the 

condition for the brittle-ductile transition is that the peak value of Ktip(t) = KIc. To meet this 

condition as the applied loading rate is increased, the rate of shielding from the emitted 

dislocations must increase, hence the predicted brittle-ductile transition temperature must 

also increase (Figure 6). 

 

The value of KIc was assumed to be the Griffith value, (2γE)
1/2

, with Young modulus 

E = 211 GPa and a free surface energy value, γ, of 2.2 Jm
-2

 as calculated for Fe using density 

functional theory by Vitos et al 
39

, giving KIc = 1 MPa m
1/2

. 
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Simulation results   

Double-kink based velocity law 

The parameters used for the double-kink based velocity law (4) were: E0 = 0.74 eV, 

activation volume VA = 20 b
3
, where b is the Burgers vector (248 pm). The constant v0 was 

set so that the model gave the same transition temperature as found experimentally at the 

lowest strain rate used (130 K  at  4.46  10
-5 

s
-1

),  giving v0 = 810
13

 ms
-1

. The predictions of 

the model for the higher strain rates, 4.46  10
-4 

s
-1 

and 4.46  10
-3 

s
-1

, are shown in Figure 6 

and Table 1. The model gives values of transition temperature in good agreement with the 

experiments. The shape of the KF (T) profile obtained is sharp and this is in good agreement 

with the experimental observations shown in Figure 2, though the predicted “lower shelf” 

values of KF are lower than those found experimentally. The net shear stress on dislocations 

was found not to vary greatly either with their position in the dislocation array, or with time, 

and was approximately 140 MPa at all three strain rates. This implies the effective activation 

energy Ea = E0 – V   0.48 eV.  

 Empirical velocity law 

Simulations were also performed using the empirical velocity law given in equation (5) with 

constant values for τ0 = 1 MPa, Ea = 0.33 eV and the stress exponent, m = 4 (from the 

available experimental data 
21

). The velocity pre-factor v0 = 0.32 ms
-1

 was set by matching 

the predicted to the experimental brittle-ductile transition temperature at the lowest strain rate 

(130K at 4.46  10
-5 

s
-1

). The results of modelling using these parameters are shown in Figure 

6. The predicted transition temperatures at the two higher strain rates are in agreement with 

experimental values (as would be expected since the experimentally-derived activation 

energy is used), and again the shape of the predicted transition is “sharp” in accord with 

experiments, though with a lower fracture toughness at low temperatures. 
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Discussion 

The models, using two different dislocation velocity laws, give good agreement with 

experimental data and with each other. The models use parameters (geometry, strain rate, 

activation energies, etc.) taken directly from experimental values; the only freely adjustable 

parameters are the velocity law pre-factors v0 and v0 for the two velocity laws.  

 

In the experimental work, specimens that fractured only after significant amounts of plastic 

deformation and work-hardening (“high-strain fracture”) were classified with the “fully 

ductile” specimens when determining the brittle-ductile transition temperature, which was set 

at a temperature between this group of results and those where cleavage fracture occurred. 

Such work-hardening is not taken account of in the models, where the dislocations move in a 

“laminar flow” mode on their glide planes, and so this eventual fracture after work-hardening 

is not predicted. 

 

The empirical velocity law, using an activation energy for dislocation motion equal to that 

derived from the fracture experiments, exactly predicts the transition temperatures at higher 

strain rates, demonstrating that this type of model gives a self-consistent picture of the 

phenomena controlling the brittle-ductile transition. The kink-pair velocity law gives 

predictions very close to the experimental values. (The transition temperatures predicted 

using the double-kink law are a good fit, within the (small) experimental errors, to the 

transition temperatures found experimentally.) The model shows that the dislocations in the 

crack-tip plastic zones self-organise so that the dislocation arrays have nearly constant 

internal shear stress, giving an effective activation energy for motion, lower than the zero-

stress activation energy for double-kink nucleation, that is close to the activation energy 

obtained from fracture data experiments.  

 



 - 13 - 

Summary and Conclusions 

The brittle-ductile transition (BDT) behaviour of single crystal iron was investigated using a 

four-point bending method. The BDT temperature increased with increasing strain rate. An 

Arrhenius plot between the strain rate and reciprocal transition temperature gives an 

activation energy for BDT of 0.33eV. The experiments were modelled using two dimensional 

crack-dislocation dynamics simulation. The models predict an explicit brittle-ductile 

transition. The transition occurs at the temperature where the shielding effect of dislocations 

emitted from the crack tip increases sufficiently rapidly to prevent the crack-tip stress 

intensity reaching the cleavage fracture toughness of the material. The models give a good 

quantitative description of the brittle-ductile transition temperature and its variation with 

loading rate. 
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Figure Captions 

 

Figure 1:  (a) Specimen geometry used in four-point bend fracture tests of single crystal iron. 

(b) The 2D model consists of a pair of slip planes at an angle θ =45° to the crack plane. 

Dislocations are nucleated at the two sources (dotted) placed 30 b from the crack-tip and 

move away from the tip allowing two dislocation arrays to form. 

 

Figure 2:  Experimental fracture toughness of single crystal iron as a function of test 

temperature at strain rates of: (a) 4.46  10
-3

 s
-1

, (b) 4.46  10
-4

 s
-1

, (c) 4.46  10
-5

 s
-1

.  

 

Figure 3: Arrhenius plot of reciprocal transition temperature in single crystal iron as a 

function of ln(strain rate). 

 

Figure 4: (a) Side view of a specimen tested at 144K and 4.46  10
-4

 s
-1

 (slightly above Tc). 

Two types of slip bands are visible: straight lines aligned along <110> directions and wavy 

lines indicating cross slip. (b) probable crack-tip dislocation configurations. 

 

Figure 5: Predicted crack tip stress intensity Ktip as a function of applied stress intensity Kapp 

at different temperatures at a loading rate of  4.46  10
-5

 s
-1

  Above a critical temperature 

(130 K in the figure), the fracture condition Ktip = KIc is never met and the material is 

predicted to be ductile. Below this critical temperature, fracture is predicted to occur at an 

applied stress intensity Kapp = KF, higher than KIc due to the effects of dislocation shielding. 

 

Figure 6: Experimental and modelled fracture toughness of single crystal iron as a function of 

test temperature at strain rates of: (a) 4.46  10
-3

 s
-1

, (b) 4.46  10
-4

 s
-1

, (c) 4.46  10
-5

 s
-1

.  
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Figure 1: (a) Specimen geometry used in four-point bend fracture tests 

of single crystal iron. (b) The 2D model consists of a pair of slip planes 

at an angle θ =45° to the crack plane. Dislocations are nucleated at the 

two sources (dotted) placed 30 b from the crack-tip  and move away 

from the tip allowing two dislocation arrays to form. 
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Figure 2  

Experimental fracture toughness of single crystal iron as a 

function of test temperature at strain rates of: 

(a) 4.46  10-3 s-1,   

(b) 4.46  10-4 s-1 

(c) 4.46  10-5 s-1. 

a) 

b) 

c) 



Figure 3: Arrhenius plot of reciprocal transition temperature in 

single crystal iron as a function of ln(strain rate). 
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Figure 4  

(a) Side view of a specimen tested at 144K and 

4.46  10-4 s-1 (slightly above Tc); two types of slip bands 

are visible: straight lines aligned along <110> directions 

and wavy lines indicating cross slip.  

(b) probable crack-tip dislocation configurations.  
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Figure 5: Predicted crack tip stress intensity Ktip as a function of applied stress 

intensity Kapp at different temperatures at a loading rate of  4.46  10-5 s-1  Above a 

critical temperature (130 K in the figure), the fracture condition Ktip = KIc is never 

met and the material is predicted to be ductile. Below this critical temperature, 

fracture is predicted to occur at an applied stress intensity Kapp = KF, higher than 

KIc due to the effects of dislocation shielding. 
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Figure 6  

Experimental and modelled fracture toughness of single crystal 

iron as a function of test temperature at strain rates of: 

(a) 4.46  10-3 s-1,   

(b) 4.46  10-4 s-1 

(c) 4.46  10-5 s-1. 
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b) 

c) 
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