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ABSTRACT OF THE THESIS 

 

Modeling of Brittle to Ductile Transition in BCC metals:  

Strain Rate and Temperature dependence in α-Iron and Tantalum Monocrystals 

  

by 

Keyur Kashinath Karandikar 

 

Master of Science in Engineering Sciences (Mechanical Engineering) 

 

University of California, San Diego, 2013 

 

Professor Marc Meyers, Chair 

 

Brittle to ductile transition is an important mechanical property that is observed in 

metals, especially in those which have Body Centered Cubic structure. We present a 

framework that describes this transition by linking the dislocation dynamics with the 

resulting mechanical behavior and constitutive equations. Two different models based on 

dislocation theory are developed and applied are applied to Alpha-Iron and Tantalum 

monocrystals, One is a stress ratio model that is dependent on dislocation nucleation and 



 

xii 
 

the other is an Activation energy ratio model based on dislocation mobility. Both the 

models predict the Brittle to ductile transformation temperature and its dependence on 

various strain rates and temperatures. These models are compared and are accordingly 

found to be suitable for different strain rate and temperature conditions in terms of 

accuracy. The study highlights the possible significance as well as the applications of 

these ratios in dislocation and plasticity study of the respective materials. The conformity 

obtained between input and output in the models is predicted to be useful for 

experimentalists attempting to extract microscopic data from deformation tests on BCC 

single crystals. 
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Chapter 1: Introduction  

1.1 Mechanical Properties of Materials: Elastic and Plastic Behavior 

Mechanical properties of the materials especially metals are important in current 

research. These properties are main factors in determining suitable materials for different 

uses, such as in aircrafts, automotive industries, manufacturing operations etc.  Generally 

metals  subjected to low values of stress observe Hooke’s law which states the stress is  

proportional to strain as shown by the following [62]:  

E�� �  ,          (1) 

Where E is the elastic modulus, �  is stress applied and�  is the corresponding strain.   

Hence the stress strain curve is important in studying the mechanical properties of 

materials. The curves demonstrate if the material can undergo elastic and plastic 

deformation.   

The regime where E is constant is called as elastic deformation. Materials revert 

back to their original shape once the stress is removed in the elastic deformation region. 

In most of the metallic materials the elastic deformation is up to 0.005 strain [65]. 

Beyond this value of strain, corresponding applied stress values are not linearly 

proportional to the strain. This region is called plastic deformation, which gives rise to 

permanent, non-reverting behavior in material. Thus, from stress-strain curve, the 

properties of the material can be revealed. A point to note that the stress and strain  are   

actually the engineering stress and strain  of the material. 
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Figure 1: Stress-Strain curve for ductile materials [66] 

 

Figure 2: Stress strain curve for brittle materials [66] 
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The stress strain curve for materials undergoing first elastic then plastic deformation 

(Figure 1) is observed in ductile metals while in the brittle materials the curve ends at  the 

elastic limit (Figure 2)  

The main characteristic parameters that can be obtained from the stress strain 

curve of a ductile material are as follows:  [63,64] 

1) Elastic region  

2) Proportionality limit or elastic limit 

3) Yielding 

4) Strain hardening  

5) Necking and failure  

The first region shown in figure 1 is called the elastic region (elastic deformation) 

which is explained previously. Increasing the stress on the material, the material reaches 

a point on the curve as shown in figure as elastic limit. Above this point, linear nature of 

stress-strain curve ceases, the material enters the plastic deformation region. This region 

is called yielding there is a nonlinear increment of stress over strain. The yielding region 

is characterized by permanent deformation. [62] 

Beyond the yield point as the load is increased the stress strain curve undergoes 

strain hardening. Here there is an uneven gradual increase in stress  In case of steels and 

few other metals or materials, this region is divided into upper and lower yield points. As 

the stress keeps incrementing versus strain, the material reaches its Ultimate tensile 

strength (UTS). At this point the stress in the material reaches its maximum possible 

value over the entire stress strain plot. In this region beyond UTS the stress decreases 

even though the increasing strain, as the corresponding cross-sectional area of the 
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material decreases. Increasing the load further leads to failure as the material enters the 

necking region. The material fails due formation of neck or constriction in weakest part 

that grows with increasing stress. 

1.2 Types of Fracture  

A material is said to undergo fracture when it breaks into two pieces under the 

application of load. The fracture process of a surface is governed by various parameters 

like surrounding temperature conditions, melting temperature of the material, slow or 

rapid rate of fracture and so on. Accordingly the material can undergo several types of 

fracture: ductile, brittle, fatigue, creep and so on.  

When we apply a uniaxial stress, it results in two modes of fracture: ductile and 

brittle. The characteristic property that distinguishes the above modes is the plastic 

deformation ability at fracture.   

A ductile metal exhibits substantial plastic deformation with large quantity of 

energy being absorbed before fracture occurs. The fracture of the material is 

characterized by reduced area. These are given by following equations (2) and (3)[58]: 

100% �
�

�
o

of

l

ll
Elongation                (2) 

100Re% 0 �
�

�
o

f

A

AA
Areainduction             (3) 

lf  and lo are final and initial lengths of the sample, while Af  and Ao are final and initial 

areas of cross section. 

Ductility is a function of strain rate, temperature, applied stress and internal stress 

on the material. Figure 3 shows three fractures in macroscopic scale: 
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Figure 3: Types of Fracture: a) Highly Ductile; b) Moderately ductile fracture c) Brittle fracture [57] 

 High ductile fracture shown in Fig.(3a) is found for soft materials which includes 

Copper, Gold, polymers and  other metals at room temperatures. A feature of this type of 

fracture is point shape fracture with 100% reduction of area at the fracture surface. Figure 

(3c) shows a brittle or cleavage fracture that will be discussed in the later parts.  

 

1.2.1 Ductile Fracture (Cup and Cone Fracture) 

Fig (3b) indicates a moderate ductile fracture, where the necking 

phenomenononly occurs in limited quantities before the fracture. This profile of fracture 

is called as“cup and cone” fracture as shown in fig. 5[84]. The stages that are involved in  

forming moderately ductile fracture are listed as follows  
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Figure 4: Stages in ductile fracture 

Load 

Onset of necking due to 
application of load. 

Creation of small cavities, 
micro voids in the interior of the 
cross section  

Microvoids /cavities come together 
and enlarge to form a crack of 
elliptical shape (Microvoid 
coalescence). The major axis is 
horizontal to the direction of applied 
load.  

Crack propagation at fast pace  by 
due to deformation by maximum 
value shear stress which is inclined 
to tensile load axis by 45degrees. 
The final fracture occurs due to 
shear stress to give rise to cup and 
cone fracture. 

Load 

Load 

Cavities 

Elliptical 
Crack 
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Figure 5: Cup and cone fracture [59] 

 

Figure 6: SEM picture of dimples in moderate ductile fracture [59] 

 The Scanning Electron microscope picture (Figure 6) of the fractured surface 

revealed a fibrous, irregular shaped region at the center. This type of fracture contains a 

large number of pits which are either spherical, elongated or C- shaped liked 

dimples.These pits as shown in figure 5 are around half the length of microvoids formed 

during the fracture. 

Cup Cone 
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1.2.2 Brittle Fracture  

 

Figure 7: Brittle fracture surface[57] 

Conversely a brittle material undergoes very little deformation with increasing 

stress, and absorbs small amounts of energy before it breaks. This type of brittle fracture 

is shown in figure 3c, 7 & 8.  

 

Figure 8: SEM picture of fracture surface during Brittle fracture showing the V-shape patterns [57] 

Brittle fracture takes place rapidly and the direction in which crack spreads is 

different than the ductile failure. The figure 5 and 7 indicate the difference between the 
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brittle and ductile fracture.  Crack propagation takes place normal to applied tensilestress. 

This gives the contour of the fracture materials surface a flat nature unique pattern. These 

patterns have V-shaped markings, lines or ridges which come out of origin as fan pattern, 

with a shiny and smooth surface especially for fracture in amorphous materials shown in 

figure no 8. In case of brittle fracture, a continuous and periodic breaking process of the  

crystallographic bonds along specific  crystallographic planes are responsible for crack 

initiation and propagation. This type of fracture also called cleavage and occurs in two 

types- Transgranular (between two grains i.e. grain boundaries) and intergranular fracture 

(cross or through the grain) as shown in figure 9 and 10. 

 

   

Figure 9: Transgranular fracture [57]                                                    
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Figure 10: Intergranular fracture [57] 

Transgranular (Figure 9) fracture occurs when the crack passes through different 

grains. It cuts through the grain boundaries between the crystals. Intergranular fracture 

(Figure 10) is characterized by crack propagation within a single grain of a crystal. The 

crack direction is along the grain boundaries which weakens the region. In both cases a 

point to note is that the cutting or cleavage planes are oriented in different directions as 

they based upon crystallographic planes 

Knowledge of ductility or brittleness is very important for mechanical engineer in 

field of mechanical design and failure analysis. For example, material features like 

whether a material will deform rapidly or slowly can be analyzed by studying its ductile-

brittle property. Also the maximum stress a material can endure before failure can be 

found out. Another application is that knowing ductility gives the extent to which a 



11  

 

particular material can be bent. This is very important in fabrication operations like Die-

casting, Sheet fabrication, etc.  

The stress strain curve for a given material curve is sensitive to pre-deformation, 

temperature, impurities and other initial conditions. Increase in temperature decreases 

yield/tensile strengths but modulus of elasticity is unaffected by ductility. 

 

1.3 Brittle to Ductile transition (BDTT or DBTT) 

Most of the factors that lead to ductile or brittle failure are largely dependent of 

strain rate and temperature. The ductile-brittle transition is exhibited in metals which 

have Body Centered Cubic lattice structure like Tantalum, low carbon steel, etc. These 

types of metals become brittle at low temperature and high strain rates, while at room 

temperature they remain ductile. However FCC (Face Centered Cubic) metals generally 

remain ductile even at low temperatures. 

In BCC metals, defects in metals cause plastic deformation which is responsible 

for Brittle to ductile phenomenon. These defects called dislocations will be discussed 

more in the next chapter. The stress required to move such dislocations depends on the 

atomic bonding, crystal structure, and obstacles such as solute atoms, grain boundaries 

etc. If this stress is too high, the metal will fail rapidly i.e. undergo brittle failure. Thus, 

either plastic flow (ductile failure) or rapid crack propagation (brittle failure) will occur 

depending on which process requires the least amount of applied stress. Also the 

temperature sensitivity of the yield stress of BCC crystals has been attributed to the 

presence of interstitial impurities on the one hand, and to a temperature dependent 

Peierls-Nabarro force on the other. In FCC metals, the force required to move the 
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dislocations is low and not related to temperature. Therefore, dislocation movement is 

high even at low temperatures and the material remains relatively ductile.  

The Ductile to brittle transition phenomenon is of utmost importance because it 

has been responsible for some notable catastrophic accidents. Few of those accidents are 

Sinking of Titanic, Challenger disasters, breakdown of liberty ships [92].  The steel used 

in hull of titanic contained high sulphur quantities making it susceptible. Adding to above 

limitations was the cold water at night during the winter time and collision of iceberg 

caused a load of high magnitude to act on the ship. Thus brittle nature of hull and rivets 

exposed to such load were thrown away/popped out and opened up the joints for water to 

go in. In case of challenger disaster, the o-ring seal on the right side rocket of the shuttle 

got affected by the cold temperatures outside and behaved in a brittle manner rather than 

expected ductile fashion. The subsequent crack formation was followed by rapid 

propagation which opened the fixed joint allowed the by-products of burning of solid fuel 

- hot gases to leak inside of the cylinder thus burning the shuttle in the atmosphere [94]. 

In both the cases the accurate knowledge of DBTT of critical materials used would have 

either prevented or given sufficient time to repair the problem.
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Chapter 2: Literature Review  

2.1 Imperfections in Solids      

A crystal structure is an ordered arrangement of atoms. It is assumed for 

theoretical calculations that a perfectly ordered crystal structure exists throughout the 

crystalline materials at atomic scale [60]. However in reality, such an idealized solid is 

not possible and the concept of defects or imperfections comes into effect. This can also 

be explained in another way- a pure metal or solid will not only contain one type of atom, 

but also some foreign entities that may be other atoms or empty regions. Thus a 

crystalline defect as defined by Callister [57] is the lattice irregularity having one or more 

dimensions on the order of atomic diameter. These imperfections directly affect the 

shape, size and properties of materials. For example, they can either make solids either 

stronger or affect its load bearing capacity in a certain direction. The different types of 

crystal defects in solids are classified according to dimensions [61]:  

1. Zero Dimensions defects (Point Defects) -Vacancy, interstitials, Impurities. 

2.1-D Defects (Linear Defects) -Dislocations  

3.2-D Defects (Plane defects) -Grain boundary, interfacial or surface defects 

4.3-D defects -Bulk or volume defects, extended defects, pores, cracks 

Vacancy is a common type of point defect which is formed by the absence of 

atom in lattice site in the crystal that would be occupied in an ideal solid. The occurrence 

of such a defect is  explained  using  thermodynamic  equations  where  the  entropy or 

atomic disorder of atoms increases with the presence of vacancy. A self-interstitial on the 
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other hand is crowding of the atomic arrangement of the lattice. In short an extra atom 

occupies the space between atoms, which would normally be vacant in an ideal lattice. It 

is found that concentration of vacancies is higher than interstitial concentration [83].  

Interfacial defects [94], [91] and surface defects occur at the surface of the solid. 

At the surface, an atom has less number of neighbors in the surrounding than the bulk 

region. Hence the forces acting on it are unbalanced in nature causing these surface 

defects. Vacancies are present in grain boundaries between the grains as well as between 

two different surfaces. Due to nature of atoms at the surface (grain) boundaries are more 

reactive and hence these leads to defects in grain boundaries. Twin boundaries are 

another example of 2-D imperfections.  

Common example of Bulk or Volume defects also called as 3-D defects includes 

porosity or small holes which generally occur during processing of solid itself. Defects 

also occur due to rapid vibrations of atoms in lattice points inside the crystal that varies in 

magnitude at different temperature [83].  

Dislocations are line defects which are occur due to misalignment of atoms in 

different position around a line. More about these defects and their effect of Brittle 

ductile transformation in metals is explained in the next section. The different dimensions 

of the various defects that are discussed above are shown in the figure 11 next page. 
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Figure 11: Chart showing dimensions of various defects/structural features [57] 

2.2 Dislocations – an overview  

In 1934, the concept of dislocations was introduced by G.I.Taylor, E.Orowan and 

M.Polanyi [70] independently. They proposed that there exist imperfections in atomic 

arrangements in crystal lattice; the motion of these imperfections leads to permanent 

plastic deformation when small loads are applied. These imperfections are known as 

dislocations. Generally these imperfections are two dimensional line imperfections acting 

along different crystallographic planes in various directions. 
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Figure 12: Types of dislocations: a) Edge b) Screw c) Mixed dislocations 

There are three types of dislocation lines or dislocations are shown in the figure 

(12). They occur according to the way the atoms of the cut surface shift (A-A line) from 

the original position. These are named as: [82] 
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1. Edge Dislocations (Cut surface is perpendicular to AA)  

2. Screw Dislocations (Cut surface parallel to AA) 

3. Mixed Dislocations (cut surface  at a  random angle to AA  )   

The above classification of dislocations is also explained by a concept known as 

Burger’s vector which is explained in the following section. 

 

Figure 13: Burgers Circuit for a) Crystal with Edge dislocation b) Perfect crystal after removal of 

dislocation[82] 

 

Figure 14: Burgers Circuit for a) Crystal with Screw dislocation b) Perfect crystal after removal of 

dislocation [82] 
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A burgers circuit is considered a close path between atoms in a crystal lattice to 

form a close circuit or loop. The figures 13 and 14 show burgers circuit for edge and 

screw dislocation. In the fig.13a, burgers circuit includes the edge dislocation, while 

fig.13b is circuit for perfect crystal after all the dislocations are removed. It is seen that 

for perfect crystal, the burger’s circuit does not close completely like the previous case 

(fig.13a). Thus the path of dislocation in first case is longer than for ideal crystal, and a 

vector called ‘burger’s vector’ is required to complete the circuit. Similar burgers circuit 

showing burgers vector is shown for screw dislocation (fig 14). In the case of edge 

dislocation the burgers vector is normal/perpendicular to the dislocation line, while in 

case of screw dislocation the vector is parallel to dislocation line. Generally in majority 

of cases, mixed type of dislocations are generated where the burgers vector is at an angle 

to the dislocation line. 

Burgers vector (BV) [79], [96] is termed positive or negative according to the 

direction of Burgers circuit (BC). For clock wise motion of BC, the BV is positive while 

for anticlockwise it is negative. Besides the burgers vector also gives the position and 

magnitude of the surface slip produced across the slip plane. This slip is due to the 

motion of dislocation over that plane, as it traverses throughout the crystal.  

An edge dislocation is formed in the figure (15) below due to insertion or removal 

of extra half plane of atoms in between the crystal lattice. This causes the dislocation line 

to coincide with the required half plane of atoms, and leads to non-uniform expansion of 

edges from top to bottom. Edge dislocations are divided into negative and positive edge 
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dislocations depending on the position of extra plane of atoms below or above the given 

reference plane.  

 

Figure 15: Formation of Edge dislocation [81] 

A screw dislocation on the other hand is formed, when the arrangement of atoms 

in the crystal displaces the sides of ABCD plane with respect to each other. This gives the 

crystal arrangement of atoms a surface helical shape or a spiral staircase shape. The 

screw dislocations are further classified as left handed or right handed screw dislocations. 
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The classification depends on the way helix advances by one plane which is determined 

by clock-wise or anti-clockwise burgers circuit surrounding it [80]. 

 

Figure 16: Dislocation loop [82] 

In most of the crystals, it is found that the dislocations are not in form of line 

segments but rather a circular closed loop figure (16). Thus loop is a mixture of both the 

screw as well as edge dislocation nature.  This type of dislocation is complex in nature 

and can be characterized by the figure (16).  In the above figure, as there is shift in 

position of atoms parallel to plane of dislocation loop, the nature of each dislocation 

segment changes from edge to mix to screw dislocation. 

  Sometimes dislocation loop is created /obtained by the shift of atoms in plane         

perpendicular to the surface which is cut or where dislocations are generated. This give 

rise to a pure edge /pure screw character of dislocations like in previous case and hence 

the subsequent looks are named as prismatic dislocation loops. 
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The movement of these dislocations under the action of external factors 

(temperature, stress mainly) gives rise to plastic deformation [80]. Hence several 

dislocation theories are stressed in the next section. 

2.3 Dislocation theories affecting Brittle to Ductile transformation  

2.3.1 Dislocation by Nucleation   

Kelly et al 1966[73][70] were one of the first people to propose brittle to ductile 

transition in terms of blunting or sharpening of  sharp crack tip due to shear stress. 

However due to the anisotropic nature of shear stress on shear plane, the blunting action 

of the crack tip involves either formation of more dislocations or their annihilation. These 

dislocations are produced due to difference between high shear stress regions that lie at 

intersection of tip and shear plane(shown by) and low stress region away from the tip. 

 

 

 

 

 

 

 

   

As a continuation to above model, Rice et al proposed [55][78] the presence of 

sharp crack leading to high stress concentration are at the tip. On application of loads, it 

leads to production and expansion of dislocation that causes blunting of the crack by one 

Figure 17: Automatically generated sharp crack (a) Blunted due to emission of dislocation (b)[55] 

High stress 
region 

Low Stress 
region  
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plane figure (17b). More external stress is needed to release this blunted crack in form of 

dislocations. Materials where crack opening and blunting happens at ease and in 

spontaneous manner have ductile nature while materials where there is an energy barrier 

to blunting are brittle materials.  

For blunting by dislocation emission from nearby source a high stress is required; 

also the stress requires source of dislocation to be very near i.e. at micrometer distance 

which is very small and hence the probability of finding source on correct plane is small. 

 

 

Figure 18 a & b: Mechanics of crack tip propagation (Rice model) 
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The mechanics of this dislocation analysis is explained as follows. Fig.18 shows 

the crack tip and crack plane through which the dislocation passes as well as the crack 

configuration that includes burger’s vector. Consider different forces acting on a 

dislocation near the crack tip and their effect between the crack and dislocation:  

1. Dislocation affected by forces due to stress field around the crack. It is those forces on  

the dislocation segment when applied load causes the  body to fracture without emitting   

 dislocations. This happens when sufficient load is applied to the crack surface which 

causes it to fracture via tensile opening mode. This stage generally occurs during initial 

blunting of the crack of and the force �f  is given by the following equation 4: 

� � ���
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�
� ��� cos2/cossin
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�
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�
�
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bf e         (4) 

Where E= Young’s modulus, � = Poisson’s ratio, � = Surface Energy of the crack , ξ=ρ/b 

is a function of position of dislocation and eb =b cos ψ which is the edge component of 

burger’s vector, 

2. Surface Tension when blunted crack surface increases. This force comes into effect 

when formation of dislocation gives rise to ledge that is left behind on free surface. This  

force dependent of ledge energy is function of position of dislocation (α’) given by  

following: 

)(

)sincos(2
22 ���
����

�
��lf               (5) 

Where α’=e3/2ξ0/2 and ξ0=core cut off  
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3. Image force due to dislocation in the free surface of crack. This exists due to the 

elasticity solution presented by Atkinson for anisotropic materials. This tends to pull   

dislocation back into the crack. The image force term is given as follows :  

���
��

)1(8

)sin1(
2

2

�
�

��
Eb

fi                         (6) 

Thus the critical distance at which a straight dislocation becomes unstable  and is 

emitted from the crack is found out by adding above equations and equating it to zero 

The critical distances for different FCC& BCC materials like Cu, Ni, Ag, Fe found out by 

substituting values of parameters required in the above equations. Simplifying the above 

equations after certain assumptions the critical distance ξc is given by[96] : 

�
�

�
10

b
c �                         (7) 

In the case where the critical distance for the straight dislocation is unstable, it 

exceeds the dislocation core cut off distance and an energy barrier is created for the 

dislocation to be emitted from the crack. To overcome this barrier, dislocation undergoes 

fluctuations to form irregular loop which beyond the saddle point configuration will 

expand to form half loop under equilibrium condition of external stress. The curvature 

and formation of half loop from the crack tip is governed by energy due to the effect of 

three forces discussed above. Thus total energy of this activated system is sum of three 

components depending on the corresponding forces, these components are:  

1. Self-energy of the dislocation half loop which actually includes the contribution from 

the image forces (Us) 
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2. Energy of the ledge due to effect of ledge force which is formed as the dislocation 

expands (Ul) 

3. Energy gained by the half loop formed due to stress region formed around the crack 

(Uo) 

 

Figure 19: Different terms in total energy equation as a function of radius[74][55] 

The total energy change involved in the dislocation emission (nucleation) process 

is  Utotal=Uact = f(Us, Ul, Uo) which is called as the Activation energy (Figure 19). Thus 

depending on different parameters there can be spontaneous emission of dislocation loop 

with no activation energy or there can be formation of the loop which requires some 

activation energy. The radius of this loop and activation energy is calculated from 

following equation: 

2/1/ln0 rUUerU
dr

dU
sloo

act ���� �                        (8) 

Thus modifying the above equations, through graphical method the dependence of 

Activation energy for dislocation nucleation process is established through the ratio 
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(S=γ/μb)[95] and orientation core parameter (Ro). It was seen that for Ro to be small, 

energy barrier exists for all possible values of surface energy parameter (S) and 

subsequently to dislocation nucleation and hence the dislocation process has more time 

for blunting of the crack tip before its emission. If Ro is large then, the given barrier 

exists only if the S curves intersect S-axis (X axis), otherwise dislocation nucleation 

occurs at a spontaneous rate. The researchers further compared and found out values of S, 

activation energy for different materials like NaCl, Al2O3[97], Zn[96] and W[71]. Thus 

they deduced that according to dislocation emission theory it can be predicted that most 

of the crystal can be either classified as completely brittle or ductile except Ni and Fe. 

Thus in case of materials where crystals have large dislocation core (high Ro) and small 

values of parameter μb/γ ≤ 7.5-10 are ductile in nature while brittle materials have 

opposite characteristics. 

2.3.2 Dislocation Mobility 

Various models were developed for BDT controlled by dislocation mobility by 

Nitze et al [33], Tang et al[38], to provide an alternative approach to previously discussed 

dislocation nucleation models. In these models, the main principle that is followed is the 

material is thought to undergo elastic deformation with the movement of dislocation 

controlling the plastic deformation in it that is rate dependent.  Thus at brittle to ductile 

transition temperature, the dislocations are easy to nucleate than move or glide across the 

plane. This implies that dislocation nucleation occurs at a temperature below transition 

temperature, and at stress intensity less than critical stress intensity. During the BDT, the 
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rate dependent plastic deformation is controlled by dislocation mobility or movement. 

These models assume that the material is isotropic in nature. 

In pure BCC single crystals, at low temperatures, a strong friction is created 

against the motion of a/2 <111> screw dislocations. This is overcome by formation of 

double kinks activated as the temperature increases. Tang et al developed a dislocation 

mobility model that highlights the plastic behavior of BCC metals. The model simulates 

the mechanical response of the single crystals using mesoscopic or at an intermediate 

level approach between atomic and bulk system instead of the previous elastic theory 

(dislocation nucleation model) which occurs at atomistic level. The ductile to brittle 

transition of BCC metals using interatomic potentials is modeled to find out the impact of 

the mobility of screw dislocations on stress-strain curve. Uniaxial tensile tests were 

performed at a constant strain rate that also included the effects of strain rate-temperature 

jump in the test results carried by numerical analysis. The thermally activated analysis 

method used in the models is similar to the one used in the activation ratio model in the 

current research. 

Further, Nitze et al and others [33] emphasized in their dislocation mobility based 

model that a sharp crack tip is automatically blunted depending on the applied stress 

intensity Kapp due to shielding of crack. This happens as the plastic deformation is 

affected by dislocation movement. Due to this shielding, the stress intensity at the tip is 

lower than the applied stress intensity. The dislocation mobility model considers this 

actual stress intensity at the crack tip as function of different parameters that includes 

temperature, strain rate, material variables. 

This is shown by  the following relation: 
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Where KIC is the critical stress intensity which is a material dependent parameter called 

intrinsic fracture toughness of the material. 

Thus the ratio (
IC

Tip
I

K

tK )(
) which is dimensionless that is influenced by the 

parameters on the right side of the equation determines the Brittle to ductile transition 

phenomenon in the material. [38]. 

The brittle fracture is thought to occur when the stress intensity at the crack tip    

)(tK Tip
I  reaches or exceeds the critical intensity or the fracture toughness of the material 

KIC [41],[98]. Thus the above ratio becomes greater than one and material is observed to 

fracture by cleavage. However since metals have dislocations, these affect the above 

condition depending on strain rate and temperature. On application of stress, or increase 

in temperature, dislocations are emitted from the crack tip which in turn causes blunting 

or shielding of the crack tip and reduces the stress intensity at the tip ( )(tK Tip
I ). Thus as 

the temperature increases or strain rate changes, the ratio
IC

Tip
I

K

tK )(
 will tend to fall below 

1. Thus even if the applied stress is increased (Kapp increases) the Ktip will increase only 

till a certain value and will never reach critical intensity value of the material. The 

material then fractures in ductile manner. Thus the temperature where the crack tip 

intensity value is maximum and reaches the intrinsic fracture toughness of the material is 
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taken as Brittle to Ductile Transition temperature of the material [43]. This concept is 

applied to Tungsten monocrystal and the results are shown in the figure 20 and 21 below: 

 

Figure 20: BDT at different temperature at a constant strain rate in Tungsten monocrystal, the 

transformation temperature is around 1000K (Nitze et al. model) [47] 

 

Figure 21: BDT at different strains at a constant temperature of 1000K in tungsten monocrystal 

(Nitze et al. model) [47] 
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Nitzsche and Hsia further performed numerical simulations to study the effect of different 

parameters in equation on the Ktip Vs Kic ratio for the general case as well as for a 

particular BCC metal (fig.20 & 21).  This in turn helped to predict the effect of 

dislocations or crack tip shielding on BDT behavior of the material.  

2.3.3 Co-operative Dislocation Theory 

The Change in brittle to ductile nature is associated with the increase in 

dislocation density. Materials which have low dislocation density before BDT condition 

have sharp nature of transition compared to gradual change which occurs when the initial 

dislocation density is pretty high. Thus there is massive influx of dislocations which arise 

in case of sharp transitions (<5°C).  

In the previous two models discussed, dislocation nucleation model only 

highlights the dislocation generation aspect while dislocation mobility model studies the 

effects of strain rate on transition temperature due to pre-generated dislocations. However 

they fail to explain clearly the rapid birth of dislocation during the BDT phase and 

subsequently the sharp increase in the temperature and fracture toughness. This sharp 

transition is seen in few BCC metals, Silicon being one of them. 

The model proposed by M.Khanta et al [37] tries to explain this problem more clearly 

by considering effects of different small dislocation loops which are created on each 

other leading to temperature dependent instability. This phenomenon is known as 

Cooperative Screening Effect which promotes large scale expansion of small loops. The 
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dramatic increase in dislocation activity at tip with increase in fracture toughness and 

activation energy can be associated with the strain-rate dependence of BDTT. 

The model proposes co-operative dislocation process above a critical temperature 

that promotes both formation and expansion of many loops without any energy barrier. It 

involves simultaneous nucleation and evolution of subcritical dislocation loops forming 

at finite temperature in a loaded solid [49]. This is due to the combined effect of 

interaction between dislocations themselves and the respective entropy of dislocation 

nucleation that acts differently than unstable expansion explained in the previous models. 

This is based on mean field theory where dislocation interaction effects are studied in two 

steps- first defining those properties that reflect presence of subcritical loops and their 

subsequent interactions called as effective properties, and secondly studying the how 

dislocation loops behave in such effective atmosphere.  

When a dislocation loop forms in presence of other loops in the medium, a 

rearrangement of loops takes place under influence of stress field and consequent 

contraction or expansion leads to a net plastic strain. This results in decrease of effective 

modulus of the crystal that related to the total stress/strain. The self-energy of the 

individual loop is related to effective modulus in the same way as energy of an isolated 

dislocation loop is related to elastic modulus of a crystal. In other words, we can say that 

the formation energy of the test loop is given by an equation where effective modulus is 

governed by self-energy of loop which decreases due to plastic strain of other loops[72].   

At low temp the difference between effective and elastic modulus is very small 

while it increases with temperature. This is because as the rate of dislocation formation 
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increases due to high temperature, it leads to rise in plastic deformation, thus effective 

moduli becomes low and  elastic modulus increases.  Thus we can say that there is some 

kind of positive or cooperative feedback between formation and loop reduction. Along 

with the reduction of formation energy, Activation barrier radius required for test loop 

expansion also decreases with temperature (for a single dislocation loop activation barrier 

doesn’t change with temperature) .In addition to that the overall entropy of the system 

increases with the number of dislocations and at one critical temperature free energy of 

test loop vanishes and causes unstable expansion and glide of test loop in medium. Thus 

dislocation nucleation is much easier than mobility. There is a rise in the spontaneous 

nucleation and glide of many loops in stress crystal which makes effective moduli (non-

permanent dislocation) zero and epsilon to infinity thus imparting ductile property to the 

material. 

This model can operate on all crystalline materials in presence and absence of 

load where it is known as KT defect mediated phase transition, but in the current model 

by  M.Khanta et al [37 ] it takes place just below melting temperature. 

The density of homogenous nucleated dislocations is proportional to Boltzmann factor 

(K) and formation enthalpy and thus due to the equation the density of loops at a given 

temperature is higher than in loaded solid.  

The application of this model is that it can explain sudden and massive rise in 

dislocation activity at BDTT because the temperature suggested for this activity is in 

same range as BDTT of variety of BCC metals. 
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Chapter 3: Brittle to Ductile Transition in Monocrystalline Body 

Centered Cubic (BCC) Metals and Silicon 

     

3.1 Silicon Monocrystal  

Silicon is considered as a model substance for mechanical analysis since it can be 

cut easily at room temperature; it is ductile at 0.5 times high its melting temperature; The 

temperature and doping dependence of the velocity of single dislocations is known. 

Lastly, the X-ray topography, Transmission Electron Microscope and Scanning Electron 

Microscope can be used to characterize single crystals highly polished samples [69]. 

Preliminary work done in this area by St.John[68] involved dynamic tests in 1975 

which  concluded that very sharp BDT occurred in temperature range of few °C while 

transition temperature increased with loading rate. Blunting of crack tip due to shielding 

activity was held responsible for the transition was governed by both nucleation and glide 

of dislocations BDT was an event controlled by only thermally activated migration of 

dislocations. However the effect of those dislocations in the surrounding regions close to 

crack tip couldn’t be determined by this method. 

Their work was succeeded by Michot [35] that involving static testing during the 

initial event of plasticity at the crack tip for accurate results. In his experiments more 

glide systems were activated, and the size of plastic zone saturated in a stable manner 

later which increased only due to loading rate and not by temperature. Following this 

research, Haasen[42] said doping should have an effect on BDTT for dislocation velocity 

(mobility) based models for Si crystal.  
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S.G.Roberts and J.Samuels [67] performed experiments on intrinsic as well as 

extrinsic (n and p) type Silicon crystal to obtain different dislocation patterns and also to 

validate St.John’s theory[68] (i.e. establish the importance of Dislocation velocity) .A 

four point bending test was performed on precracked silicon bars as shown in the figure 

(22).  

 

Figure 22: Silicon Test specimens. Precracked in (111) plane [67] 

In order to ensure clear fracture images, it was made sure that the fracture face was 

along the natural cleavage plane <111> of silicon which is normal plane to the applied 

stress. The fracture stress of at room temperature was measured around 270 ±13MPa. 

Following were the results obtained:  

1) Resulting Characteristics of BDT in pure Silicon (Also refer figure 23) 
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Table 1: BDT characteristics in pure Silicon monocrystal [67] 

Characteristics  Brittle Zone  Transition Zone  Ductile Zone  

Temperature  535°C 541°C Just few degrees ahead 

 at 545 °C 

Load 

Vs   

Displacement 

Linear 

(Elastic behavior) 

Linear Non-linear, Plastic behavior 

after Applied load reaches 

peak value at 0.5% strain. 

Fracture Catastrophic fracture at 

300MPa on <111> plane 

with crack growing 

outwards in radial 

direction from pre crack 

front. 

Fracture at 

500MPa, again 

originating from 

precracked front 

The maximum applied stress 

before fracture is equal to 

upper yield stress of Si. 

Arrangement of slip lines 

around pre-cracked front 

along {111} planes. 

 

 

Figure 23: Experimental results of monocrystalline silicon performed by Roberts et al. A- Brittle  

zone , B-Transition zone , C-Ductile zone[67] 
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Thus from the above results the following main points were deduced regarding 

transition characteristics in silicon that the transition was related to sudden rise in stress 

before fracture and that the transition occurred over small temperature increment. 

Additional experimental tests were carried out the find out how strain rate affect 

this BDTT of Silicon considering specimens loaded at 5 different strain rates. This is 

again shown in the figure which clearly highlights that increasing Strain rate shifts the 

BDTT of Si towards right (increase), for example by increasing �� by factor of 20 raises 

the temperature by 1000°C.  

Besides Roberts also explained the effect of doping of Si in on transition 

temperature, compared the results with St.Johns results. He further evaluated the results 

of his experiments and explained the mechanism at the level of dislocations (micrco-

mechanisms) that causes Silicon to be brittle in transition state and ductile at certain 

temperatures.  

 

3.2 Tungsten    

Fracture experiments were performed by Gumbusch[44] et al on tungsten single 

crystals to determine conditions for Brittle to Ductile Transition. Four Crack systems 

with crack front directions as specified in the table below were subjected to temperature 

77K<T<650 , all performed at a constant loading rate. 
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Table 2: BDT characteristics for different crystallographic orientations in Tungsten  

Crack System BDTT  KRT MPam1/2  K77K MPam1/2 

(100)[001] 370K 8.7 3.4 

(100)[011] 470K 6.2 2.4 

(011)[100] 430K 20.2 3.8 

(011)[011] 370K 12.9 2.8 

  

Multiple fracture tests for all the crack systems were performed at room 

temperature and 77k as well as for several temperatures in the range. From the above 

tests fracture toughness value was determined, where the temperature corresponding to 

the maximum value was taken as BDTT for tungsten. This temperature is changed by 

small intervals for different crack systems as shown in the table. Brittle fracture by 

cleavage was observed in all the specimens when tests were conducted at 77k for all the 

crack systems. Similar behavior was observed at room temperatures with very little 

activity of plastic deformation. 
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Figure 24: Fracture toughness Kcritical as function of temperature, Comparison of predeformed 

specimens to reference undeformed Tungsten monocrystal specimens[[36] 

Brittle Ductile Transition temperature was found out for various specimens in 

order to compare between predeformed and undeformed specimens. Introducing plastic 

deformation before toughness testing affects fracture toughness at low temperatures and 

changes the transition temperatures of Tungsten monocrystal. Thus predeformed tungsten 

shows different behavior and results in regions below and above transition temperature. 

At high temperatures above BDTT fracture toughness is load dependent, i.e. it decreases 

with increase in loading rate which also shifts the BDTT to the right (increases).The 

toughness value also decreases with increase in temperature as shown in the figure (24). 

At low temperature the results indicate that loading rate does not affect fracture 

toughness, but rather crystallographic orientation of crack and predeformed/undeformed 

nature are main factors.  
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It was also found that increase in temperature increases the number of active 

dislocation sources as indicated by large number of etch pits at room temperature 

compared to 77K. This increases dislocation density. But predeformation of specimens 

neglects the effect of dislocation density and rather increases the fracture toughness at 

low temperatures. As temperature increases the predeformation effects reduces due to 

increase in yield strength and work hardening. 

Thus from the previous conclusions it is deduced that dislocation nucleation is 

limiting process for BDT in tungsten at low temperatures since number of active sources 

are low, while at high temperatures high number dislocation sources are activated to 

make dislocation mobility as the main factor of controlling dislocation rate. This causes 

fracture toughness to depend on loading rate above room temperatures in case of 

Tungsten monocrystal [44]. Thus dislocation mobility plays an important part in BDT 

transition of tungsten. One more highlight of this study was generally in case of 

dislocation mobility, Screw dislocation motion is main governing factor for plasticity of 

BCC metal. However in Tungsten, it was found out that Activation energy for Edge 

dislocation (0.2eV to 0.5eV) was matching the Activation Energy of BDT transition 

(0.2eV). The possible reason for this is generation of high stress region around the crack 

tip, which lowers the motion barrier of Screw dislocation, which in turn reduces the 

activation energy. This result is still has to clarified much further 

Gumbusch [47] also found that {110} crack systems have high fracture toughness 

value at room temperature than {100} systems. Also both the crack systems that had 

crack front as <110>namely {100}<011> , {110}<110> were easier to split open , thus 

depicted BDT at lower temperature conditions (figure 25). When tested at 77k the 
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tungsten specimens failed due to cleavage, thus showing tendency of brittle fracture. The 

nature of load displacement graph showed linear elastic nature. At room temperature the 

load displacement shows deviations from linearity. Above BDT temperature, tungsten 

specimens yield rather than fracture thus showing advent of ductile fracture. Perfectly 

brittle fracture process itself must be anisotropic with respect to crack propagation 

direction. 

 

Figure 25: Fracture toughness plotted as a function of temperature and strain rate in Tungsten 

Monocrystal (a) and polycrystal (b). Vertical dotted lines indicate the transition from brittle to 

ductile at a particular strain rate. Open symbols represent ductile specimens[36][48] 

Tungsten which has a potentially important application as a plasma screen 

material for fusion reactor components is subjected to harsh operating conditions. With 

this view point, the Brittle to ductile transition mechanism in tungsten monocrystal was 

studied by Giannatiaso [36],[48]. He also found out the absence of strain rate dependence 

of Fracture toughness which proved little or no dislocation activity at low temperatures 

figure 25a .Experiments were also performed to find effect of strain rate and temperature 
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in polycrystalline tungsten specimen (figure 25b). The fracture toughness of Tungsten 

polycrystal at 77K is 4.6 Mpam1/2 which is double the value to that of single crystal. 

This is attributed to different orientations of small grains, i.e. the presence of grain 

boundaries. The behavior of fracture toughness on temperature and strain rate is similar 

to that shown by single crystals as shown in the graph (figure 25b) . 

The Activation energy during BDT condition obtained by plotting strain rate Vs 

1/Tbdt is almost similar in single as well polycrystals around 1.05eV.  Even though a lot 

of physical parameters of a material like BDT temperature are variable dependent on 

sample geometry factors, Activation energy is not substantially affected by such 

geometry factors. 

3.3 α- Iron and Tantalum  

 

The fracture behavior of single-crystal pure alpha (Armco) iron was studied by 

M.Tanaka et al. [15]by four-point bending of pre-cracked specimens at temperatures 

between 77 and 180 K and strain rates between 4.46 x10-5 and 4.46 x10-3s-1. It was found 

that fracture behavior of changes from brittle to ductile with increasing temperature.  

Further studies were carried out by Brunner et al. [26] who obtained the activation 

enthalpy in the first velocity law based on the mechanics of motion of a screw dislocation 

by nucleation and expansion of double kinks. For pure Iron, the Activation enthalpy 

depends on the temperature range governing the test: 0.93 eV above 250 K (regime I), 

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

BDT temperatures found are in regime II, giving activation energy of 0.74 eV [29]. On 
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the other hand, the second velocity law was of empirical in nature found to be applicable 

to experimental data for a wide range of materials. The activation energy for the Brittle 

ductile transition for dislocation glide according to this law was Em = Ek = 0.33 eV [30].  

This empirical velocity law uses energy for dislocation motion equal to that derived 

values from the fracture experiments, to exactly predict the transition temperatures at 

higher strain rates. This demonstrates that type of model gives a clear, non-conflicting 

nature of the phenomena controlling the Brittle Ductile Transition in iron. The current 

model used to study alpha-Iron is based on this empirical velocity law. Iron was chose in 

its BCC form for study for the additional reason that it an exhibit brittle behavior when 

tested at low temperatures and high strain rate metals. The Peierls stress also is large. 

Further studies were carried by Turner [11] to support the fact of temperature and 

strain rate dependence of yield stress and flow stress on thermally activated mechanism 

to cause plastic deformation. The movement of dislocations and subsequently plastic flow 

require additional energy provided along with action of stress was highlighted by the 

paper. According to this interpretation of the measurements of yield stress and flow 

stress, the activation parameters calculated from these measurements should be those 

associated with the motion of a single dislocation through a strain free lattice.  

Simultaneous research was carried out Edge/Screw Dislocation Mobility by 

Molecular Dynamics simulation [17], [32] to indicate that the low-temperature behavior 

of body-centered-cubic (bcc) metals is mainly controlled by the high lattice friction 

experienced by dislocation. Thus the calculations and analysis performed in the current 

research incorporate empirical velocity law along with MD simulations of dislocation 

mobility to find out strain rate and temperature effects in alpha iron. 
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For high purity monocrystalline Tantalum, Takeuchi et al. [2] experimentally 

found Brittle ductile transition condition which occurs in region of 77k at 1410 ��� s�� . In 

his   research he performed activation energy (EK) analysis, to calculate the � �kTEK  

ratio or activation energy ratio. He found that AE ratio at Brittle ductile condition is 

constant  at 24, while  at temperatures higher than 20 K  it remains constant but gradually 

decreases to 10 at 2 K. The dislocation mobility model described in the next section is 

based on this ratio. 

Further research was carried by C.H.Lu et al. [4],[28] where monocrystalline 

tantalum with specific orientations was subjected to laser compression to generate a 

micro size crater. The nature of dislocations generated from the tests was studied under 

Transmission and Scanning Electron Microscope (dislocations at low pressures, 

mechanical twins and so on). A model (analysis) based on use of classic Orowan 

mechanism that incorporated dislocation generation and annihilation was generated to 

predict dislocation density as a function of pressure. The calculations and formulae used 

in the current study for tantalum are based on this dislocation density analysis.  

. 
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Chapter 4: Dislocation Based Modeling of BDT at Different Strain 

Rates and Temperatures 

 

4.1 Activation Energy ratio Model 

Introduction 

The activation energy ratio model that is prescribed is primarily based on 

premises that dislocation mobility is the controlling factor in Brittle to ductile transition 

of BCC metals. The goal of this study is to obtain the Activation Energy (AE) Ratio 

� �kTEK  in case of monocrystalline tantalum and α-Iron under the effect of various 

loading conditions i.e. different strain rates and temperature. Since the given ratio 

governs the Brittle Ductile Transition, it will help in understanding more about the effect 

of brittle-to-ductile transition (BDT) on dislocations nature in these metals that can be 

extended to other BCC metals.  

Experimentally, Robert et al. [1] investigated the strain-rate dependence of BDT 

(Brittle to Ductile Transition) temperature in tungsten, Tantalum as well as Vanadium 

pre-cracked mono- and polycrystals. They found that the activation energy (AE) ratio in 

Tungsten was about 6.35.25 �  over the range of strain rates from 10-5 to 10-2. In addition, 

A Giannattasio et al [19] tabulated the BDT activation energy (EK) and thus AE ratio as a 

function of BDT temperature in different materials given in the following table [19],[28]: 
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Table 3: Activation Energy ratio found by A Giannattasio 

Materials Ek  at BDT � �kTEK  

Intrinsic Si      2.1 23.7 

Sapphire  3.2 27.36 

Intrinsic Ge  1.54 25.65 

Diamond  3.06±0.25 23.03 

Mo  0.49 24.77 

W  1.05 26.83 

V 0.27 19.09 

Fe (single)  0.33 27.08 

Fe (poly) 0.21 21.80 

 

Kinetic Monte Carlo (kMC) model used by Deo et al. [3] is applied to find the AE 

ratio in this study. This model provides a more realistic link between kink mechanism in 

monocrystals and the averaged dynamics of dislocations (the effects of solute atoms that 

interact with the dislocation to modify the dislocation mobility). Deo et al.[3] also applied 

kMC model to dislocation migration on the special case of the motion of screw 

dislocations in BCC (Body centered Cubic) tantalum monocrystal and alloys 

Method 

It is found out that behavior of Screw dislocations were more prominent than 

Edge dislocation to affect the activation energy in Tantalum, Iron and majority BCC 

metals. The reason for this is because Screw dislocation move much slowly than edge 
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dislocations. The fundamental equation in this study is screw dislocation velocity which 

is given by Arrhenius relationship [25] as follows: 

�
�
�

�
�
���

kT

E
Av K

D exp
                    (9) 

where Dv  is screw dislocation velocity,  KE  is the activation energy of kinks, A  is the 

pre-exponential factor, k is the Boltzmann’s constant, and T is the temperature in Kelvin.          

The activation energy is related to the energy of kinks KE  in case of dislocation 

by double kink nucleation. Factor A  is a function of particular ratio ( Pa �� ) [3], where 

a�  is the applied stress and  P�  is the Peierls stress which is a fixed value for a particular 

material.  

Other than thermal dependent of dislocation velocity (Eqn. (9), the stress 

dependence is often expressed by power law as shown [3]: 

1m

P

a

D Bv ��
�

�
��
�

�
��

�
�

             (10) 

Where 1m and pre-factor B are function of temperature. 

The expression of AE ratio as a function of strain rate can also be derived. The 

classic Orowan equation [77] has the form: 

lMb�� �                                      (11) 
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Where �  is shear strain, M is Taylor factor, b is burgers vector, �  is mobile dislocation 

density, and l  is the mean distance travelled by dislocation. Taking time derivative of 

eqn. (11), shear strain rate �� can be expressed as [4] 

)( ��
�

�
�

� �� lvMb
dt

d
Mbl

dt

dl
Mb

dt

d
D �����                      (12) 

Where ��  is the dislocation density rate [22]. Lu et al.[4] proved that �� �� � , where�� is 

normal strain rate.  

The first step in this model is simulating the shock compression condition which 

can be described by using the Swegle-Grady equation ( 4/1���P )[6]. The plot of 

Hugoniot stress i.e. or pressure from shock compression ( ShockP ) versus the maximum 

strain rate(�� ) of a particular material was described by general form of the equation [21]:  

n
ShockPa����                 (13)

 Swegle and Grady give an empirical formulation involving the use of the 

Hugoniot stress that establishes relationship between the average volume and the strain 

rate in the shock wave. The equation (13) then can also be written in following way [6], 

n

o

ShockP
�
�
��

�
�� ����               (14) 

where  and   are  constants  for  a particular  material  and  m  is  a universal  

exponent. The value of the exponent m was approximately found out to be 4 for the 

different metals (Aluminum, Beryllium, Bismuth, Copper, Iron) on which the shock 

compression experiments were carried out. 

� o�
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Thus the  ShockP  value is obtained which is function of different values of Strain 

rate. The shear stress τ, while assuming elastic loading is calculated from Shock pressure 

by the following formula [9] 

� ��
�

�
�

�
��

12

21
ShockP  ,                 (15) 

Where � is the Poisson’s ratio of the corresponding metal, 

In order to find out the value of dislocation velocity Dv , molecular dynamics 

simulation results obtained from C.S.Deo et al.[3] and Tang.et al. [12],[8] provide the 

following equation[4],  
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SD BAv

�
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� exp1 ,      (16) 

Where Sv is the shear wave velocity that is predicted be the maximum velocity by which 

the shear waves propagate through the given material. A , B  and m which are the fitting 

parameters used for the equation. The shear stress obtained from equation (15) is used as 

� and is normalized to the Peierls stress P� , which is constant for a given material 

Till equation (16), this is a general method that is followed for both α-Iron and 

Tantalum monocrystals to obtain dislocation velocity which dependent on strain rate. 

After this step, the parameters for Arrhenius equation (9) are applied to give the 

Activation Energy ratio of the given metal. These parameters are dependent on 

temperature. We describe specific methods for finding out the parameters for alpha-Iron 
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and Tantalum monocrystal. These methods have different equations but they both have 

same approach in finding the A.E ratio of the BCC metal. 

4.1.1 Method For Tantalum Monocrystal: 

 
The motion of <111> oriented screw dislocation in monocrystalline tantalum was 

performed in this study.  

The Swegle Grady equation [6] was made to pass through the two experimental 

points as deduced by Furnish et al. [7] for single crystal Ta is given as follows[7]: 

434.27 ShockP����              (17) 

Where PShock is given in GPa. 

Thus we can obtain shock pressure values as a function of strain rate which can be 

applied to find out shear stress� in equation (15).This is taken as stress for further 

calculation.  

Following parameters were applied for equations (15) and (16) in case of 

Tantalum monocrystal [4], [5], [14]: 

Table 4 Parameters for A.E ratio model in Ta monocrystal 

Parameters  Values  

�  0.34 

Sv  2039 (m/s) 

A  0.999985 

B  0.012 
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Table 4 (cont.) Parameters for A.E ratio model in Ta monocrystal 

Parameters  Values  

m 3.1 

P�  2039 (m/s) 

 

Plugging all the parameters in equation (16) we get velocity Dv  of Screw 

dislocation as a function of strain rate. Next, the stress dependence as shown previously 

in equation (10) is applied to get the ratio Pa ��  for a given strain rate at different 

temperatures. In equation (10) for a given temperature for Ta following relations are 

obtained from Deo et al [3], 

Pre-factor B =   sm
kT

eV
/

11.0
exp106.4 6 �

�
�

�
�
��� [3]   

Exponent TKm )(106.81.81 13 ����� [3] 

Finally the above stress ratio is used in Arrhenius relationship given in equation 

(9) for dislocation velocity given by equation which is restated as follows: 

  �
�
�

�
�
� �

�
kT

E
Av K

D exp                 

The constant A is obtained from the  ratio Pa ��  using the following empirical relation 

in case of Tantalum: 

710))/(4052.0( ���� PaA ��    [3] 
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Substituting the value of A and Dv  in equation (9); taking the natural log on the 

LHS of the equation, we get the required �
�
�

�
�
�

kT

EK ratio in case of tantalum. 

4.1.2 Method of α-Iron Monocrystal  

Swegle and Grady equation (equation (14)) was used calculated the Shock 

pressure (stress) values for particular strain rate in the case of alpha – iron; a curve was 

fitted so as to pass through these values to obtain the following equation [3]: 

                                                               (18) 

 

              

Figure 26: Stress Vs. Strain rate curve plotted by Swegle Grady for different metals [6] 

Iron monocrystal data in the above figure 29 are from the study of Barker et 

al.[10] which  deals with the  transformation of Iron to α-phase(Armco iron).Thus this 

relation was used to obtain different shock pressure values ( ShockP ) for corresponding 

strain rates ranging from (10-4 to 109).  

4341035.1 ShockP��� ���
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The shear stress or flow stress τ, while assuming elastic loading was calculated 

from equation (6),where � is the Poisson’s ratio of alpha iron that was taken as 0.288 

[56]. 

The Effect of flow stress on Screw dislocation velocity in α-iron at standard room 

temperature of around 298K was studied by N. Urabe and J. Weertman [16], [45] as 

shown in the figure (30). 

 

 

Figure 27: Dislocation Velocity vs. Applied Shear stress[16] 

The resulting values were then fitted in the equation (16) by Lu et al.[4] to obtain 

the  parameters A,B and m for alpha-iron monocrystal as shown in figure 31.  
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Figure 28: Curve-Fitting for Dislocation velocity Vs. Applied Stress 

Thus in equation (16) following parameters were obtained and used to give Screw 

dislocation velocity Dv  as function of strain rate: 

Table 5: Parameters for A.E ratio model in α-Fe monocrystal 

Parameters  Values  

�  0.288 

Sv  3052 (m/s) 

A  0.993978 

B  1.027348 

m  2.934 

P� [14] 1.05GPa 
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Finally to get the Activation ratio we use the mobility law obtained by Roman 

Novokshanov & Steve Roberts [17, 18] applicable for edge, screw and mixed 

dislocations. 

�
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oD exp
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�
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��                                  (19) 

Where � is the applied flow stress and D�  is the dislocation velocity obtained from 

equation (7) 

The other parameters in the above equations are temperature dependent functions 

m (T), o� (T), o� (T). These are third-order polynomials depending on temperature and 

were fitted to the limited data that was obtained in iron by A.P.L. Turner et al [11, 17]. 
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The above polynomials are as a result of the simulations performed using an 

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

data for iron using the experimentally measured activation energy. The above functions 

are calculated for different values from temperature ranging from 77K – 500K. It is found 

that the effect of )(0 T� is less significant as compared to other parameters. 

After substituting all the values of terms in the Arrhenius relationship [25] given 

by equation (9) and taking the natural logarithm on LHS of the equation, The Activation 

energy ratio �
�
�

�
�
�

kT

Ek  for Iron at different strain rates and temperature for iron is obtained 
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4.2 The Stress Ratio Model  

Introduction 

The Stress ratio model proposed in this study considers the effect of dislocation 

nucleation mechanism as a major factor affecting BDTT. The concept dislocation 

nucleation theory originated by Rice and Thompson was further studied by J.Weertman 

[51] who used BCS (Bill–cotrell-Swinden [78][53]) type analysis to study the smearing 

(spreading) out of sharp crack causing it to blunt. This theory gave directly exhibited the 

concept of “stress ratio” in dislocation analysis. Stress ratio is the ratio of maximum 

theoretical tensile stress(σmax) to theoretical shear strength[76] (τmax)  of the solid and was 

introduced by Kelly, Tyson et al [50]. It states that a solid can be of brittle or ductile 

nature depending on whether the ratio (σmax/ τmax) is large or small. Thus if (σmax/ τmax)   is 

greater than 7 , then the crack is blunted by dislocation shielding and material undergoes 

ductile fracture, while in the opposite case brittle fracture occurs when stress ratio is 7.  

Thus accordingly, an atomic scale sharp crack can get blunted more easily in metals 

having a high stress ratio and in this model we are going to see  the whether the stress 

ratio increases, decreases or remains constant if we change strain rate or temperature. 

Kelly et al [50] has found out ratios for several BCC and FCC metals which is given in 

the table 

The model predicts that during the blunting process, the movement of the crack 

away from the tip is facilitated by the pairs of opposite signs of partial and perfect 

dislocations created on the slip plane just ahead of the crack tip. When these opposite 

sign dislocation pairs are created by large stress ratio, one of the pairs move away from 

the tip while the other opposite sign pair dislocations gather around against the crack tip. 
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Thus a barrier having a surface energy (since new surface is created) acts against the 

sharp tip and with increase in applied stress, the dislocations can enter through the barrier 

and blunt the tip. Detailed graphical description is shown in fig.31 and 32. 

Table 6: Stress ratio for BCC, FCC metals (Kelly[50]) 

Material σmax/ τmax

Gold 34

Silver 30

Copper 28

Nickel 22

Iridium 10

Potassium 10

Iron 6.75

Tungsten 5.04

Diamond 1.16  

 

Figure 29: Steps in crack tip blunting process [50] 

 

 

 

a Crack opening due to tension 

b Dislocation emission causing blunting of 

crack 

c Action of opposite pairs, one type of 

dislocation coming out ,opposite sign 

dislocation piling up at the crack tip 

d Blunting of crack tip, due to opposite 

sign dislocations penetrating the tip 
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Method  

The Stress ratio model is based on model by J.Weertman[51] that involves the 

formation and growth of Griffith [52] crack in an elastic medium with negligible plastic 

zone at the crack tip. The current model is based on the conditions required for 

catastrophic opening of Griffiths crack .Another prerequisite is that for crack blunting to 

occur, the crack should not have failed in brittle manner before. Let us consider a mode-I 

crack i.e. that undergoes failure by applied tensile stress [54]. Considering the solid 

undergoes  linear elasticity, the shear stress acting in a direction normal to crack front at a 

small distance r across plane of  the crack tip (r<<a) is given as 

Tensile stress                                                                                                                   (20) 

 

Hence, IK = σ (πa)1/2              (21) 

Where ‘a’ is the half crack length and crack is in infinite medium and IK  is mode-I stress 

intensity factor.  This value is taken as the maximum tensile stress (σmax) in the stress 

ratio. 

In order to find out the stress intensity factor in the above equation is related to 

the surface energy γ, of the solid by the following equation [55] (22):  

     (22) 

Where '�  is shear modulus of the metal and  

'� = μ/4(1-υ) = E/4(1-υ2)                                                                      (23) 

E= Young’s Modulus, υ = Poisson’s ratio of the metal, μ= shear modulus. 

)'8( ���IK

� � 2/12 R

KI

�
� �
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Yu.S.Avraamov et al [39] calculated values for surface energy for different BCC 

metals for surfaces with (100)(110) crystal planes like Molybdenum, Nickel, Tungsten, 

Tantalum and others terms of effect of bonds in terms of second co-ordination sphere. 

Metal ions are described in terms of first and second coordination sphere. The molecules 

which are directly attached to the metal ion (solvent, complexes) while those molecules 

attached in non-covalent manner to the ligands or complexes are referred to as second 

coordination sphere. The calculations included use of empirical and semi-empirical 

formulas that relate the surface energy to metal’s physical properties (Sublimation heat, 

Electron work function, etc.). The surface energy [31] of a metal at any temperature was 

obtained by using the following expression [39]: 

 

     (24) 

  

The surface energy of the metal at 0oK is given by [39]:  

     (25) 

 

 

Substituting equation (25) in (24), we find the surface energy γ for a given temperature T 

     (26) 

Note that in the above equations, R= Gas constant and rest of the terms in the 

above equations are constant terms which depend on the BCC metal itself. Substituting 

the surface energy at a given temperature , we can find IK  from equation 22 which then 

can be used to find the maximum tensile stress from equation 21. 
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The next step is to find out the maximum shear stress (strength) of the metal. To 

find this we used the Zerilli-Armstrong equation [34] that establishes a constitutive 

relationship between flow stress with following parameters- temperature (T) and strain 

rate (�� )  This equation is an based on Johns Cooks constitutive equation[99]. This 

equation is particularly effective in studying metals which have Body Centered cubic 

lattice structure where a stronger dependence of yield stress during plasticity on the two 

parameters given above [46]. It takes into account the effect of thermal softening, strain 

hardening and strain – rate hardening using thermal activation analysis ( similar to 

described in activation ratio model). The equation for flow stress y�  is given as follows 

)ln( 43
2/1

1 ��� �TCTCCy ����                       (27) 

Finally to obtain the stress ratio (σmax/ τmax ) for a given temperature and strain 

rate, the tensile stress obtained from equation (20) is divided by shear strength obtained 

from equation (27). It is important to note that instead of theoretical stress (tensile or 

shear) given in Kelly et al , we take the stress ratio as that between flow stress ( shear and 

tensile stress) that has the similar effects on crack tip blunting and subsequently on Brittle 

ductile transformation aspect. 
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4.2.1 α-Iron Monocrystal   

For α-Iron, the stress ratio is calculated as a function of strain rate and 

temperature as given in the previous section for unit strain. The parameters used in the 

calculations are shown in the following table [100][34]: 

Table 7: Parameters for Stress ratio model in α-Iron monocrystal 

Constant  Value  Units  

E 211 GPa 

υ 0.28  

oQ  4.5 x 10-12 erg/mole 

o�  1980 erg/cm3 

1C  1033 MPa 

3C  0.00698 K-1 

4C  0.000415 K-1 
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4.2.2 Tantalum Monocrystal  

Similarly, in case of Tantalum, the stress ratio is calculated as a function of strain 

rate and temperature as given in the previous section. A modified version of  Zerilli 

Armstrong equation is used for tantalum; the corresponding equation for unity strain is 

given as[28] 

2/1
10 ))ln(exp( ������� kdTB n

oGy ������ �         (28) 

The parameters used in the calculations are shown in the following table [28] : 

Table 8: Parameters for Stress ratio model in Ta monocrystal 

Constant  Value  Units  

E 186 GPa 

υ 0.3  

oQ  6.45 x 10-12 erg/mole 

o�  2300 erg/cm3 

oB  1330 MPa 

0�  0.00525 K-1 

1�  0.000308 K-1 

G� + kd -1/2 122 MPa 

n 0.5  
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Chapter 5: Discussion  

5.1 Activation Energy Ratio model 

     5.1.1 Results  

     5.1.1.1 Alpha Iron (BCC) Monocrystal: 

                        

Figure 30: Graph of AE Ratio vs. Temperature at constant strain rate in alpha iron 

The Figure 33 shows the Activation energy ratio plotted for α-iron at temperatures 

ranging from 50 till 340K for a particular strain rate. The strain rates are of the order from 

10-4 to 109. The model as described previously gives an accurate fit for temperatures till 

340K and hence the necessary range is selected. It is observed that the AE ratio decreases 

sharply for low temperatures and the slope of the graph reduces as the temperature 
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increases. This proves the fact that at low temperatures, AE ratio and thus the flow stress 

indirectly is highly temperature dependent in iron.[24] Thus with rise in stress and 

temperature, it can be said the phonon drag instead of kink mechanism becomes 

predominant governing the dynamics of dislocations. 

In iron at low temperature, the microstructure of specimens contains long and 

straight dislocation screw segments gives rise the directional dependence of the 

dislocation mobility. The screw dislocations move slower than dislocations of other 

characters (Edge, mixed); hence the mobility of screw dislocations is therefore predicted 

to control the plastic flow in iron through the nucleation and propagation of double kinks 

along the lines. The double-kinks mechanism is a thermally activated process, and hence 

the flow stress in iron is strongly dependent on temperature. 

The AE ratio predicted in this model for Brittle Transition Temperature of 140K 

at 10-4 strain rate is around 19, which is less than 25 which is observed empirically. Also 

the Activation energy of Armco iron is around 0.2 eV which is slightly less than 0.33 eV 

obtained. Thus the model is less accurate for iron, but still good enough to predict the 

effect of strain rates & temperature on α-iron. 

Iron as a B.C.C metal exhibits brittle behavior when tested at low temperatures 

and high strain rates. The Peierls is large in most BCC, metals. Also the effect of 

impurity atoms / or peierls hills was found to influence only at low stress levels and low 

dislocation velocities. It has little influence on influence on the form of the velocity-stress 

relationship as stress levels/velocity increases. The decreasing nature of the slope in 

graph highlights the above facts. 
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Figure 31: Graph for AE ratio Vs. Strain rate at constant temperature for Alpha iron 

The Figure 34 shown above shows Activation Energy ratio plotted versus 

different strain rates for a particular constant temperature. The strain rates are varied on a 

log scale from 10-4 to 109 by increment of 1 and the graph is plotted for different 

temperatures varying from 77K to 1000K. This graph shows opposite tendency to the 

graph 8, i.e. A.E ratio increases when strain rates increase. This increasing trend predicts 

that the activation ratio increases and hence the flow stress increases as the strain rate 

increases which is in agreement with the Swegle grady equation as shown in figure 34. 
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5.1.1.2 Tantalum Monocrystal: 

 

Figure 32: AE ratio Vs temperature showing transformation of Meta stable Beta phase Ta to stable 

Alpha phase of Ta 

 
 
Figure 33: AE ratio Vs temperature at constant Strain rate 
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The Figures 35, 36 shows the Activation energy ratio which is plotted for 

different temperatures at different strain rates varying from 10-4 to 109. This dependence 

of AE ratio on temperature as well as strain rate can be deconstructed into two parts – the 

dependence of dislocation velocity on strain rate, and dependence of pre-factors & stress 

exponent in equation 16 on temperature. 

The temperatures are varied from 77K till 1000K in the increments of around 

100K. It is observed that the AE ratio follows a decreasing trend as the temperature 

increases combined with increase in strain rate. However for strain rates from 10-4 to 104 

and temperatures ranging from 100K to 950k the ratio has a small uniform change thus 

forming region between 21-24.Thus the value of Activation Energy ratio at which the 

ductile brittle transition occurs in Tantalum at 77k for strain rate of 10-4 found out by this 

method is around 24.This is same as the one found out by Takeuchi et al.  

Another interesting trend in the Figure 6 is that above temperature of around 

940K, the AE ratio which is decreasing suddenly jumps up to a very high value in an 

extremely short temperature interval; after this jump the ratio again decreases with as the 

temperature is increased as shown at 1000K in this graph (here the AE ratio value is still 

large hence the graph shows an increase instead of showing the correct tendency). This 

tendency of sudden change in the AE ratio for a particular range of temperature is 

currently being studied for its physical importance and validity. 
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Figure 34: AE Ratio Vs Strain Rate at constant temperature 

The Figure 37 shown above shows Activation energy ratio plotted versus different 

strain rates for a particular constant temperature. The strain rates are varied on a log scale 

from 10-4 to 109 by increment of 1 and the graph is plotted for different temperatures 

varying from 77K to 1000K. This graph shows similar tendency to the graph 1, as A.E 

ratio decreases when strain rates increase. However we find that other than 1000K the 

activation energy ratios for all other temperatures are close to each other thus forming a 

band or a region that decreases as strain rate increases. At 1000K this ratio is very high 

(57 for 10-4) and decreases much faster than at the other temperature values. This 

phenomenon is again related to the jump in AE ratio as observed in the first graph that is 

currently being studied in detail. 

Around the range of 1000K, there is a big jump in Activation ratio in a short 

temperature interval (almost like a unit step function) in figure 1 & 2. This temperature 
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range corresponds to the specific physical property of tantalum. Tantalum occurs in two 

crystalline phase alpha and beta – Ta. The first phase (� -Ta) has a soft nature with a 

Body Centered Cubic lattice structure. It has lm3m space group with lattice constant a = 

0.33058 nm. The other phase ( � -Ta) is hard having a tetragonal crystal symmetry 

structure. The lattice constant a = 1.0194nm with P42/mnm space group. This phase is 

metastable in nature and hence bulk tantalum crystal is made up of crystalline alpha 

phase. This � -Ta usually exists in thin Ta films and gets converted to � -Ta around the 

temperature of 950-1100K. This is the same temperature where the activation energy 

ratio in figure 1 undergoes the unit step increase in the value. Thus the activation energy 

model described predicts the change in crystalline structure of tantalum (thin films) from 

brittle Beta to ductile Alpha phase. This can be confirmed by the decrease in yield or the 

flow stress and thereby the ( Pa �� )m1  ratio in equation 8 before 1000K and sudden 

increase in same which predict the onset of ductility. This in turn reduces the constant A 

value and thus increases �
�
�

�
�
� �

kT

QD  ratio as shown by the graph (figures 37, 38) 
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5.1.2 Significance  

Use of Swegle Grady equation to obtain stress from shock compression data  

The current study is unique in the sense that it uses the Swegle-Grady equation to 

calculate Activation ratio from strain rate. The main principle is to try to collect steady-

wave shock viscosity data by performing shock compression experiments on different 

materials. This will further help in developing a shock viscosity model explaining viscous 

behavior that is dependent on both loading rate and strain hardening material strength in a 

three-dimensional framework. By performing calculations with correct strain rates on 

shock front, it gives an accurate picture of shock wave interaction and stress intensity 

thus giving a possibility of micromechanical strain rate dependent models. Considering  

that values for many of the dislocation parameters are undefined, it is surprising that 

equations (10) and (8) fits the data quite accurately. Thus the shock-wave data and 

equations are important, as they can provide an independent test of the model with less 

parameter involved. 

 

The Unique Activation energy ratio obtained within the value of 25 for large number 

of BCC metal during the ductile brittle transition conditions.  

The activation energies were plotted for BDT temperature of a particular metal in  

figure 38 [19], for Ge, W, Mo, Fe and other materials. In this graph only BCC metals 

were considered and solid lines are fitted by extrapolation of activation ratio  values. This 

gives the range of ratio (EBDT/kTBDT) between 18 – 50 and a mean value of  ≈ 25 was 

taken [19]. In the above graph the resulting Activation energy and Stress ratio model 



70 

 

values have been plotted, which fall within the given range, thus establishing the 

significance of the above models. 

 

 

Figure 35: Plot of BDT temperature Vs. Activation Energy to give AE Ratio including results(right) 

of current model 

From the empirical relationship (EBDT/kTBDT) ≈ 25 at BDT for BCC metals and 

also using given models, the BDT phenomenon could be used to estimate the mechanical 

behavior of materials in terms thermal activation of dislocations (i.e. TBDT). Hence we 

could generalize that the BDT process controlled by dislocation velocity in BCC 

materials. This dislocation mobility or motion is supposed to be due to kink pair 

formation and propagation. The fixed AE ratio suggests that kink pair formation takes 

place from constant number of atoms in the materials reported in the graph.  

Considering the ratio EBDT/kTBDT ≈ 25 for various BCC metals and applying the 

dislocation dynamic model we can predict the Activation energy for BCC metals as well 
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as the corresponding transition temperature for BCC metals respectively like. Thus we 

find the dynamic effect of strain rate & temperature. This information can further be used 

to give rise to different models/methods of predicting activation energy and thus finding 

different mechanism of overcoming the kink barriers. This can further open new avenues 

in dislocation and thermal analysis of BCC metals.  

Another advantage is that if the current model to find activation ratio holds true in 

most of BCC materials, we can also relate it to the rate of intensity of fracture. This 

relation can be obtained from fracture intensity studies done by Roberts and Hirsch et al 

[20].The discrete dislocation model for plastic zone for BDT transition was predicted by 

them. In case of materials which undergo gradual transition the strain rate dependence or 

rate of intensity of fracture is given by following equation:  

TkEK BK /ln ��� + Constant              (29) 

Thus taking exponential of activation ratio and neglecting the constant term we 

get rate of intensity of fracture. Thus we can predict if the above equation is applicable to 

a particular BCC metal or not. This can then state if the brittle to ductile transition in that 

material is gradual nature or a sharp transition. 

BDTT shift in Iron but not in Tantalum, suggest it’s constant. 

At lower strain rates, the brittle ductile transition i.e. fracture behavior was 

studied in Single Crystal Iron by M.Tanaka et al[15] for temperature between 77 and 180 

K and strain rates between 4.46 x 10-5 and 4.46 x 10-3 s-1. The effect on fracture 

toughness due to change in strain rate and temperature was determined to study the above 

transition behavior. It was found that the BDT temperature Tc, (shown by dashed-lines in 
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graph) Tc increases, as strain rate increases from 10-3 to 10-5. This is shown in the figure 

39 below  

 

Figure 36: Shift in BDT transition temperature in alpha-Iron, for a plot of Fracture toughness Vs. 

Temperature, Solid lines show the results from the A.E ratio model [15] 

The Activation energy model derived from in this research gives a similar nature 

of result for α-Iron as shown by three different colored solid lines in the above figure. 

The A.E ratio at BDT condition is found out to be 19 which is at 140K at a strain rate of  

10-4. When the strain rate is increased to 10-3, the same value of ratio is when the 

temperature shifts by 10 -15K. Conversely we obtain ratio as 19 at temperatures less than 

140 if we reduce strain rate by same factor. Thus the model confirms the experimental 

results obtained by M.Tanaka et al[15], additionally it can be further extended over range 

of strain rates to prove the strain rate dependence of BDT phenomenon in iron 
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monocrystal. In this model Activation ratio is used instead of fracture toughness that is 

used by the experimental study. 

Similar study was made for tantalum monocrystal but it was found that the strain 

rate dependence of brittle ductile transition was limited. The Activation ratio remained 

almost constant at 23 for tantalum that same for BDT condition obtained at 77K for 10-4 

strain rate. There is minimal shift in the temperature at which the above ratio is obtained 

with increase in strain rate. There is very limited research or literature obtained for the 

given strain rate phenomenon in tantalum monocrystal. Also since the model as well as 

experimental study proposes a constant Activation energy ratio of 24 we can propose that 

Strain rate dependence of Brittle to Ductile transition temperature is not that dominant as 

iron. 

The studies of BDTT nature on the above metals – Iron and Tantalum can be 

extended to various other monocrystals of BCC metals that can give further insight in 

mechanical properties of these metals. 

Another tendency that is highlighted by the current study in tantalum is the 

possible prediction of transformation of beta tantalum to stable alpha tantalum. However 

these predictions may be not hold true due to various reasons including lack of 

experimental data of tantalum at high temperatures and higher strain rates. The beta 

tantalum does not exist in bulk tantalum monocrystal because it is highly unstable and 

hence this phenomenon occurs only in tantalum thin films. Since very limited research is 

carried out on this phase transformation of monocrystalline tantalum; thus the nature of 

the output in this case is still unknown. 
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The basic theory on which the activation ratio model is based is Swegle Grady 

relationship which is used to relate strain rate with Shock pressure which is described in 

the study. This relationship is calculated experimental only on very few BCC materials 

(around 10) and hence shock data for other BCC metals is unknown [21]. The viscous 

nature of solids is highlighted as the compressive stress wave propagation through them; 

giving rise to steady wave profiles to determine the maximum strain rate in plastic wave. 

However since the experiments were carried out in 1985, values of time required for 

steady waves to rise due to shocks is sparse and uncertain. By then the limited measuring 

capabilities of the electronics cables and instruments that were available to measure rise 

time in order of few nanoseconds were a considerable drawback. This restricted the 

ability to apply shock pressure/ stress to the solids. For example Aluminum shocked to 

about 5GPa gives rise to plastic steady- wave rise to about 10 ns , while a shock pressure 

of 10GPa cause steady wave to rise around the order of 1ns. The first case could be 

measured accurately, but the second case of steady wave rise time of about 1ns was 

beyond the measuring capabilities of the instruments. The equation is thus plotted from 

graph consisting of few points in Iron as well as tantalum, an hence there is certain 

approximation in the constant factor involved in the equation.  

Besides the mechanisms governing shock viscosity or the rise time of plastic 

shock waves, and their behavior in the shock process are not understood correctly. The 

effect of dislocation multiplication and motion, twinning, vacancy production, precipitate 

alteration on Viscous flow due to shock compression in solids is not well known. With 

current State of art optical fiber cables, high pressure measuring instruments that can 

measure at nanometer or even lower scale, the  compression data & graphs can be revised 
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at more accurately to give better equation fit for Swegle –Grady relationship in iron and 

other materials. 

In the present research, the input parameters for the velocity law for dislocation 

mobility of screw dislocations are extracted from simple macroscopic experiments based 

on the properties of thermally activated processes and the use of form proposed by Kocks 

et al. [24]. Another simplification is made about the slip geometry due to lack of relevant 

input. At high temperatures, the yield stress of both the metals (Ta & Fe) is independent 

of the direction and sense of the applied stress. At low temperatures, the yield stress 

depends markedly on the orientation of the crystals [23, 13] and the sense of the applied 

stress. In this case the mobility of jogs in screw dislocations, dissociations of screw 

planes cannot explain anisotropic behavior. For example in case of Iron, edge 

dislocations are thought to have minor effect on plastic flow than screw dislocations 

which have low mobility. This is found to be correct for ½<111> {110} plane 

dislocations where linear mobility is consistent with viscous dynamics. However for ½ 

111{112} plane dislocations, two dynamic regimes are observed. At low applied stress, 

dislocation moves by kink pair mechanism as show above in the study, but at high 

temperature dislocation mobility is more due to phonon drag dynamics than thermal 

activation of kinks.  

The main equations used in current research i.e. The Arrhenius relation related to 

Activation energy, Velocity equation depicting dislocation mobility are empirical in 

nature. Thus the various constants and pre-factors used in the equations for tantalum and 

iron monocrystal have a certain tolerance limit. This error limits have less significant 

effects on macroscopic study of Activation ratio or dislocation activity, but for an in-
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depth study in quantities which are directly affected by these constants/ pre-factors can 

reduce the accuracy for the solution. 

5.2 Stress Ratio Model 

5.2.1 Results  

5.2.1.1 For α-Iron Monocrystal  

 

 

The Figure 40 above plots the Stress ratio for α-iron at temperatures ranging from 

0 till 220K for a particular strain rate. The strain rates are in the range of 10-4 to 105. The 

stress ratio model gives a good agreement with the experimental results obtained by Rice 

and Thompson as described previously. The BDT condition of Alpha Iron is 138 K at 10-

4 strain rate. The stress ratio found experimentally for Iron was 6.75 with some ambiguity 

in this ratio and the fact that α-Iron is ductile at BDT temperature. The current stress ratio 

Figure 37: Stress ratio as Function of strain rate and temperature at constant strain rate  
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model clears this ambiguity by predicting the stress ratio just above 7 at this condition, 

and thus emphasizing the ductile nature.  

Another result that can be deduced from the graph deals with effect of different 

strain rates on stress ratio. It can be said that for a given temperature as the strain rate 

increases, the ratio decreases. This is can also be observed as tendency of the material to 

delayed ductility (ratio remains below 7 for more time as strain rate increases from 

previous value). Thus the model also indicates that the Brittle to ductile transition 

temperature of Alpha Iron crystal shifts towards right with the increase in loading, which 

is also observed by experimental results performed by M.Tanaka. So the stress ratio 

model developed in the current research can be said to be correct for α-Iron.  

On observing the stress ratio plot for a given strain rate, we can further deduce 

that slope of the curve goes on increasing sharply as the temperature increases. It can be 

predicted that this effect is due to increase in dislocation nucleation activity which might 

be due to  the dislocation sources being formed in large numbers from the increase in 

thermal energy as well  as the density of these sources increasing interaction between 

neighboring dislocations.  
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A second graph (Figure 41) as shown in the previous page is plotted  that 

highlights the effect of  the crack dimension (  crack half length ) for a constant strain rate 

– say 1E-3.It can be observed  that in this model the crack size or crack length plays a 

dominant part in deciding the ratio or the ductile brittle characteristics of the material. As 

the crack length goes on decreasing from 1E-6 to 1E-8, the slope or the nature Stress ratio 

increases in exponential manner. It can be then proposed that dislocation nucleation 

either increases in nature or has a greater effect on ductility/Brittleness or the transition 

between them as the cracks go down in size. The crack size found out for the BDTT 

condition of alpha Iron as given before is found to be between 1E-7 to 1E-8 m or 10-100 

nm. 

 

 

Figure 38: Stress ratio as Function of strain rate and temperature at constant crack  
length  



79 

 

5.2.1.2 For Tantalum Monocrystal   

 

Figure 39: Stress ratio for Ta monocrystal for different strain rates over range of temperatures 

After evaluating the validity of the stress ratio model for α-Iron monocrystal to 

predict its BDT nature, the model is extended to study the characteristics of Tantalum 

Monocrystal. The reason for checking the validity using α-Iron results  first to test the 

models effectiveness is that there was no results or experimental data in found for 

Tantalum regarding the stress ratio values in the literature based on the nucleation model 

by S.G.Roberts et al.  

The figure shows the stress ratio plotted over a temperature range of 0-160K for 

strain rates from 10-3 to 104 for Tantalum monocrystal. The Brittle to Ductile transition 

temperature in case of tantalum is approximately around 77k at strain rate of 10-4, the 

stress ratio value obtained from the graph at this condition is around 7 which is required 

ratio at which the material transforms from brittle to ductile. Thus from the current 
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model, we can predict that tantalum is ductile at low temperatures which holds true with 

respect to the literature obtained by different experimental and theoretical studies 

performed in past. Also we find that the ratio for BDTT condition is obtained when the 

crack length or size ‘a’ is around 6 nm in Tantalum indicating the average size of crack in 

the monocrystal tantalum sample. This size can be varied which in turn will affect stress 

ratio in figure 42. 

Another result that can be deduced from the graph deals with effect of different 

strain rates on stress ratio. This is similar to the study performed in α-Iron monocrystal. 

From the graph for a given temperature as the strain rate increases, the ratio decreases. 

For example at strain rate 10-4, for 77K the ratio is 7; If we increase the strain rate to 10-3, 

the ratio is 7 for 84K, which is slight increases in temperature. This is can also be 

observed as tendency of the material to delayed ductility (ratio remains below 7 for more 

time as strain rate increases from previous value). Thus the model also indicates that the 

Brittle to ductile transition temperature of Tantalum towards right with the increase in 

loading. There have not been many experimental studies to study this strain rate effect in 

Tantalum, Hence the results of the model cannot be supported by experimental evidence 

in this case. 
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5.2.2 Significance  

1. Combination of dislocation models – Kelly and Zerilli-Armstrong 

The two main principles that are linked in the stress ratio model are the Zerilli 

Armstrong equation (a constitutive relation between flow stress and strain rate) and 

fracture criterion developed by Kelly (1987). This is based on the dislocation nucleation 

model explained in the previous section and thus allows predicting the effect of the stress 

criterion on strain rate and temperature. The stress ratio model is one of the unique 

models as it links the two different theories to obtain an important dependence of strain 

rate and temperature on the brittle to ductile transition temperature in BCC metals. 

Applying and validating this model helps in finding the stress ratio or the failure criterion 

in tantalum monocrystal which has not been studied experimentally or theoretically by 

Kelly and others. Thus the general importance of the stress ratio model is find out the 

failure criterion of different BCC metals like Ni, Ge, and so on  similar to the one found 

out for two BCC metals. Since these values have not been tabulated or find out by 

experimental results, it will further help to understand the Brittle and Ductile behavior of 

these metals.  

 

2 Shift in BDTT due to Strain rate 

In the results we conclude that there is a shift in the BDT temperature to the right 

i.e. it increases in α-Iron and monocrystalline tantalum as the strain rate increases. This 

nature of the increases in α-Iron in more compared to the tantalum specimen. Thus the 

model can be applied to study or find out transition temperature of the two metals at 

different strain rates.  Thus on a generic level the stress ratio model can be extended to all 
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the BCC metals in order to either find the transition temperature or the study the effects 

of strain rate on this temperature. Thus using the above model for a given BCC metal, we 

could find out for a certain strain rate high or low, what is the temperature till the metal 

can be brittle or ductile. Thus while deciding the applications of these BCC metals like in 

different industries applications like in ships, aircrafts, engines and so  or performing 

experiments on them, one can get a rough idea of their mechanical properties  at a 

particular temperature and strain rate beforehand. Further we can also predict if the 

material is highly load or strain rate dependent (like α-Iron) or less dependent 

(Tantalum). 

 

3 Dependence on Crack length  

In both the metals under study, we see the dependence of crack length (size) on 

the stress ratio and thus indirectly on transition temperature. The crack size in α-Iron was  

in the range 10~100 nm and in tantalum its 6 nm during brittle to ductile transformation 

condition, this information can lead to different predictions. Firstly, we can predict the 

crack size to a certain level of accuracy during the transition condition at a particular 

strain rate in α-Iron, Tantalum and to various other BCC metals. Also we can change the 

crack size or see the effect of crack size on the BDTT temperatures in the BCC metals for 

which the stress ratio model is accurate. This can be used to obtain cracks at nano, micro 

and other scales in BCC metal 
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Chapter 6: Review and Conclusions 

 

In our result we have used two different models- Activation ratio model and the 

stress ratio model to describe the Brittle to ductile transition in BCC metals. The first 

depends on dislocation mobility which involves linking shock pressure/viscosity effect to 

thermally activated mobility of screw dislocations in explaining the transition. The 

second model is based on dislocation nucleation concept which involves use of 

constitutive yield stress dependent Zerilli-Armstrong equation to the stress criterion by 

Kelly that is directly related to Griffiths crack criterion.  

The characteristics of dislocation nucleation based model and dislocation mobility model 

can be summarized as follows: 

 

The models developed in the current research solve the given limitations of both 

types of theories as given through their characteristics as listed below: 

� Activation energy ratio model  based on dislocation mobility 

1. Temperature and strain rate dependent mechanism to study BDT effects   

Dislocation Nucleation Dislocation Mobility 

Clear criterion to classify the materials  Effects of strain rate on BDTT 

Unable to predict right BDT temperature, 

Dependence on Loading rate  of BDT 

temperature 

Not a clear criterion to classify material 

as intrinsic ductile/brittle 
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2. Clear criteria called as activation energy ratio to define ductile, brittleness  

� Stress ratio model based on dislocation nucleation theory  

1. Temperature and strain rate dependent mechanism to study BDT effects  

2. Much better analysis to predict right BDT temperature  

In our Activation energy ratio model the activation energy ratio is found out to be 

around 25 experimentally in BCC metals during BDT condition   while in the stress ratio 

the ratio value - 7 defines if the material is ductile or brittle. Thus we could possibly 

conclude that BDT phenomenon in BCC metals could be described in terms of two 

quantities – A.E. ratio and stress ratio depending on which type of model used, thus these 

two ratios which are dimensionless can be correlated to each other as they affect the same 

mechanical properties and can be said as a measure to predict the effect of dislocation 

dynamics on Brittle to Ductile transformation phenomenon. This concept can be further 

researched to different metals so as to prove which type of dislocation model is more 

accurate and at what conditions.  

 

Effect of Crack size- The Stress ratio model exhibits direct dependence of the crack 

length or crack size on BDTT. The Activation energy ratio does not show this 

dependence of crack length on thermally activated dislocation mobility and there by on 

transition temperature, this relation is indirect as parameters in Double kink mechanism 

and dislocation velocity equation are given for a certain crack length or size. Thus stress 

ratio model would be more beneficial if one has to study the transition phenomenon for 

metals where micro cracks, nano cracks need to be generated or are important. However 
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this dependence of crack length is very high as we see in the results section and hence 

need to be more accurate using experimental results or MD simulations. 

 

The temperature change for a given strain rate and results in both BCC metals - 

Consider the plots as shown in the next page (figure 43). In the first figure the 

change in temperature for a due to strain rate is plotted for α-Iron as predicted by both 

models , while the second figure shows the change predicted for Tantalum monocrystal. 

We see that both models give the same trend i.e. temperature increases as strain rate 

increases in case of  α-Iron while for Tantalum the temperature decreases for higher 

strain rates .or extremely low strain rates and high temperatures. It is well established fact 

that temperature cannot decrease as the strain rate increase.  

Activation Energy ratio model: 

α-Iron Monocrystal                    Tantalum Monocrystal  

 

 

 

 

 

 

 

 

Figure 40:  A.E ratio and Stress ratio model results: Shift in Brittle to ductile transition temperature 

of the metals due to strain rate  
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Stress ratio model :  

α-Iron Monocrystal        Tantalum Monocrystal 

\ 

 

 

 

 

 

 

 

 

 

 

Figure 40 (continued):  A.E ratio and Stress ratio model results: Shift in Brittle to ductile transition 

temperature of the metals due to strain rate  

 

Thus we can say that the Stress ratio models predicts correctly in both the cases  

while in Activation energy ratio has limitations in predicting right behavior at extreme 

strain rates. The reason for this can be attributed to the fact that the Molecular dynamics 

based parameters for equation (10 ) given by C.S.Deo et al are applicable in limited range 

of temperature (250K To 600 K ) and stress ratio (τ/τp). However it is not possible right 

now to completely trust stress ratio model as  firstly it is dependent on dislocation 

nucleation which has been considered to be less accurate, Secondly it involves more 
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general assumptions , and equations are not complicated enough thus not involving other 

mechanical factors that affect the dislocations.  

Thus summarizing we can say that the dislocation mobility based AE ratio model 

is more accurate but has a limited operational range of strain rates and temperature while 

the Dislocation nucleation based Stress model gives a rather general nature of the effect 

of dislocations on BDTT over a large scale of temperature and strain rate but it is less 

useful for accurate calculations.    
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