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Abstract 

The phenomenon of brittle-to-ductile transition (BDT) is known to be controlled by the 

competition between cleavage fracture and dislocation activity at crack tips. But the transition 

could be determined by one of the two successive processes, dislocation nucleation, or 

dislocation motion. In this paper a model is developed to study the BDT controlled by 

dislocation mobility. The model material is assumed to undergo elastic-rate dependent plastic 

deformation with the plastic strain rate scaled with dislocation velocity. An isotropic plasticity 

theory is used. The BDT is assumed to occur when the crack tip is shielded by the surrounding 

plastic zone such that it never reaches the critical stress intensity for cleavage fracture. The 

crack tip shielding due to plastic deformation is evaluated using the finite element method. 

The dimensionless groups which affect the BDT are identified, and a parametric study is 

peiformed to reveal the effects of various dimensionless parameters. Numerical results using 

the specific material properties of Si single crystals are compared with experimental data. 

Good agreements are obtained. Some interesting features of the BDT behavior are predicted 

by our computer simulations which require further confirmation by experimental studies. 
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I. Introduction 

The transition of fracture behavior in many crystalline solids from a high energx absorbing 

ductile mode to a very low energy absorbing cleavage mode is an important constraint in their use as 

structural materials. Of particular importance are those application in which the structures are sub­

jected to relatively low temperatures and high strain rates. Although it is generally agreed that brittle­

to-ductile transition (BDn is the result of the competition between dislocation activity and cleavage 

fracture at crack tips, this phenomenon is still not weHunderstood mechanistically. Since the pioneer­

ing model of Rfoe and Thomson [l], in which an activation analysis of dislocation nucleation from a 

sharp crack tip was performed, much experimental and theoretical effort has been made. However, 

controversy sµll exists as to whether the BOT is dislocation emission controlled or dislocation motion 

controlled [2,3,4]. Furthermore, it is.notyet clear what the relationships are between: I) the transition 

temperature and .strain rate (loading rate), 2) the transition temperature and crack tip configuration 

(crack orientation with respect to crystallographic orientation), and 3) the transition temperature and 

loading conditions (Mode I or mixed mode, tensile or bending loading). 

The answers to these questions obviously depend on the material system being considered. 

Even for simple material systems, such as single crystalline b.c.c. metals or ceramic and semiconduc­

tor materials such as MgO and Si crystals, many other factors could still affect the controlling mecha­

nisms of BOT. Such factors could range from whether there are pre-existing dislocations in the crystal 

to whether there exist dislocation nucleation sites other than the crack tip to whether impurity in the 

material affects dislocation mobility. To avoid ambiguity, a clean material, Si single crystal, has 

widely been selected for experimental study of the fundamental mechanisms of BOT. 

The first mechanistic experimental study of Si was conducted by St. John [5] in which fracture 

stress was measured in atapered cantilever beam specimen at various loading rates and temperatures. 

Brede and Haasen [6], and Michot [7] used similar techniques and studied the effects of doping on the 

BOT temperature. Samuels and Roberts [8] used a four point bending specimen with an indentation 

surface crack in which the available slip.planes and dislocation configurations around the crack front 

were significantly different from those of the other studies. Most recently, Brede et al [3] and Hsia 

and Argon [9] studied the BDT of a propagating crack in a temperature gradient field. The following 

interesting observations, though not always consistent, were obtained by these experimental studies 

of Si single crystals. The BOT was found to be very sharp and usually occurred within a few degrees 

Celsius in all experiments. The transition temperature increases with increasing loading rate for tests 

on stationary cracks [5,6,7,8]. For very similar materials (similar doping concentration and crystal 

growth technique) under comparable loading rate even though the slope of log (K) versus I/Tc curve 
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remains nearly constant, the BOT temperature can be drastically different for different loading types 

(e.g., four point bending tests [8] versus double cantilever beam tests, see Figure 3 in [4]). Therefore, 

the BOT behavior is structure sensitive. In these experiments the crack propagation often exhibited an 

unsteady, jittery manner (alternating jumps and stops) at both room temperatures and elevated tem­

perature [3,6,9]. 

A particularly interesting observation is that the applied stress intensity at fracture increases 

slightly at high temperatures, especially at temperatures within about 100°C of the BOT temperature, 

as shown schematically · in Fig. 1. The increasing rate levels off as the temperature approaches the 

transition temperature and shoots up suddenly at the BOT temperature. This abrupt increase charac­

terizes the change of fracture behavior from brittle to ductile mode. The level of increase in fracture 

stress below the BOT ranges from about 15% [8] to sometimes more than 100% [6], and is dependent 

on the loading rate. This observation can be explained if one argues that dislocation nucleation is sub­

stantially easier than dislocation motion near the transition temperature. Thus, dislocations would be 

nucleated at a temperature lower than the BOT temperature. However, their mobility may not be high 

enough to result in enough crack tip shielding to bring about the transition. Nevertheless, the emission 

of these dislocations and their travelling away from crack tips for a few Burgers vectors could be 

enough to increase the applied stress intensity at fracture by more than 15%. Some experimental evi­

dence exists for Si [3,9] and other materials [10] which shows that the crack continues to grow in a 

cleavage fashion despite the nucleation of dislocations from the crack tip. 

Many models have been developed to describe the BOT behavior of single crystals. These 

models can be broadly categorized into two groups: those which consider dislocation nucleation as 

the controlling mechanism for the BOT [1,11-13], and those which consider dislocation motion as the 

controlling mechanism for the BOT [2,4,14-16]. The models with dislocation nucleation as the con­

trolling mechanism characterize materials as either brittle or ductile with a very clear cut criterion, but 

they suffer from their inability to predict the right BJ?T temperature and the loading rate dependence 

of the BOT temperature. On the other hand, those models with dislocation motion as the controlling 

mechanism can usually predict a loading rate dependency of the BOT temperature. However, except 

for a recent model by Hirsch and Roberts [4], a sharp transition could not be predicted by these mod­

els. Furthermore, most of these models consider the detailed configurations of dislocations near the 

crack tip and their shielding effects on the crack tip stress intensity at an atomistic level, but they are 

unable to evaluate the potential effects of dislocation motion on the surrounding stress fields. It is 

expected that the rate dependent plastic deformation due to dislocation motion would not only shield 
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the crack tip from reaching the critical stress intensity, but also alter the stress distribution around the 

crack tip region. 

In the present communication, we develop a model for BDT controUed by dislocation mobil­

ity. The·material is assumed to undergo elastic deformation and a rate-dependent plastic deformation 

induced by dislocation motion. The crack tip shielding due to the plastic deformation is evaluated 

numerically using the finite element method so that the evolution of the crack tip fields can be accu­

rately modelled. The dimensionless groups controlling the BDT behavior are identified by dimen­

sional considerations, and parametric studies are performed to · reveal the effects of different 

parameters. In particular, the effects of temperature, loading rate, and power law stress exponent are 

investigated. The numerical results show good agreement with the experimental data of Brede and 

Haasen [ 6] for Si single crystals. Some interesting features of the BDT are predicted by this numerical 

study which require further experimental confirmation. 

II. Dislocation Mobility Controlled Model 

The basic premise of this model is that the BDT is controlled by dislocation mobility. This 

implies that dislocation nucleation is substantially easier than dislocation motion around the BDT 

temperature, and that nucleation could occur at a temperature lower than the transition temperature 

and at a: stress intensity lower than the critical stress intensity. The rate-dependent plastic deformation 

is then solely due to the motion of these dislocations. 

For simplicity, we assume that the material behavior is isotropic. Real single crystalline mate­

rials are generally anisotropic. Since dislocation motion only occurs on a limitednumber of slip 

planes, plastic deformation in single crystals is always anisotropic. However, the effects of crack tip 

shielding due to dislocation motion in single crystals could be similar to that of plastic deformation in 

isotropic materials. Furthermore, in the present model, a stationary crack under different loading rates 

is considered, therefore no elastic unloading due to crack propagation occurs. 

2.1 Material Constitutive Behavior 

For plastic deformation due to dislocation motion, the inelastic shear strain rate, i', can be 

given by, 

y' = j3pbv, (1) 

where~ is a proportionality constant, pis the dislocation density, bis the magnitude of the Burgers 

vector of a dislocation, and v is the dislocation velocity. The dislocation velocity in single crystals. is 

usually found to be related to the resolved shear stress, ,:, and obey an Arrhenius type law, as 
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Q 't n 
v = v0exp(--) (-) 

kT 't0 ' 
(2) 

where vo and 'to are material specific reference dislocation velocity and reference shear stress, Q is the 

activation energy for dislocation motion, k is the Boltzmann's constant, Tis the absolute temperature 

in degrees Kelvin, and n is the power law exponent which is a material constant for a wide range of 

stress levels. Substituting equation (2) for v in equation (1) gives 

(3) 

where 'Yo is a reference shear strain rate and is a function of the dislocation density p and the Burgers 

vector b. For an isotropic material there is no preferred slip plane. Therefore, the resolved shear stress 

't and plastic shear strain rater' in equation (3) can be replaced by the von Mises equivalent stress O' 

and the equivalent strain rate eP. The viscoplastic response of the material can then be modelled as, 

. . . Q CJ n 
• t1' = e0exp(--) (-) 

kT CJ0 ' 

where e0 is a reference strain rate, and CJ0 is a reference stress. 

(4) 

For a given material, the value of n can be determined from a plot of dislocation velocity ver­

sus applied stress at a specific temperature (e.g., from Fig. 3.11 in Ref [17]). The activation energy, Q, 

for dislocation motion can be obtained from log(v) versus T plots (e.g., Fig.3.1 Ob in Ref. [17]). 

The total strain in the material consists of an elastic strain and a plastic strain. It is assumed, as 

in all other theories, that the elastic and plastic strains are additive. Thus the total strain rate, e, is 

given by, 

( 5) 

where ee is the elastic strain rate, and is given in terms of the changing rate of the stresses and the 

Young's modulus E and Poisson's ratio v by the generalized Hooke's law for an isotropic material. 

2.2 Some Dimensional Considerations 

For an atomically sharp crack under a far field applied stress intensity [("PP. the rate-dependent 

plastic deformation due to dislocation motion provides crack tip shielding. Therefore, unless the 

applied loading rate is extremely high or the temperature is very low, the crack tip stress intensity 

K:ip could be substantially lower than the applied stress intensity [("PP. 
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Generally, the crack tip stress intensity is a function of the material parameters, temperature, 

loading rate,. and time, t, as, 

K'i;p = J (i<JPP, JGPP, T, E, u, Q, <JO' Eo, n, D, t) , ( 6) 

where D is a characteristic dimension of the model which will be discussed in the next section. It is 

noted that <J0 and Eo are not independent material constants and can only be determined from experi­

mental data as the combination, £0<f'on. 

We define two reference quantities for dimensional considerations. One is a reference length 

which roughly represents the plastic zone size at fracture, 

where K1c is the material's critical stress intensity. The other is a characteristic time defined as, 

<10/E 
t/== a-. -. , 

eo 

where a is a dimensionless coefficient which can be used to fit the experimental data. 

( 7) 

( 8) 

From dimensional considerations, for a constant rate of applied mode I stress intensity, 

i<JPP =constant, the crack tip stress intensity can then be given by, 

KfP (t) - lqPP(t) ( Kf PP Q <Jo D) 
-K- - K xg K It' kT'E'v,n,R · 

le le Jc c 0 
( 9) 

The dimensionless quantities in equation (9) will collectively determine the ratio of the crack 

tip stress intensity to the applied stress intensity, thus determining the brittle to ductile transition tem­

perature. 

2.3 Fracture Criterion and Brittl~-to-Ductile Transition 

Cleavage fracture is assumed to occur when the crack tip stress intensity reaches the intrinsic 

fracture toughness of the material, i.e., 

Klip - K 
I - le• (10) 

In reality, this fracture criterion is not exactly true when there are many dislocations emitted 

from the crack tip. Dislocation emission from the crack tip will bring about a tortuous crack front and 

5 



possibly crack tip blunting [9], which would result in a critical stress intensity slightly higher than the 

intrinsic fracture toughness. However, the relationship between dislocation generation and the 

increase in the critical stress intensity is not known. Thus, it can not be modelled accurately. 

Generally, at high loading rates and low temperatures, fracture occurs when JGPP = K1c. For a 

given loading- rate, as the temperature increases, due to the increasing shielding effect, the crack tip 

stress intensity will reach K1c at a higher applied stress intensity. Beyond a critical temperature, 

regardless of the level of K'f PP, the ~ip never reaches the critical stress intensity. In our model, this 

critical temperature is defined as the BDT temperature Tc for the given loading rate.A similar defini­

tion was used by Hirsch et al [15] and Brede [16]. 

Ill. Model for Numerical Analysis 

To study the effect of shielding by rate-dependent plasticity, the finite element method is used. 

The problem we would encounter with this method is that, for an elastic/rate-dependent plastic mate­

rial, the transient crack tip field under far field constant loading rate may not be characterized by the 

stress intensity factor. Riedel and Rice [ 18] showed that, for elastic-power law creeping materials 

under a step-function loading at t=O, the crack tip stress distribution rapidly changes from 1/ Jr singu­

larity to an HRR type singularity [19,20] during the transient stage. Moreover, the transient response 

at a stationary crack tip is such that neither the ]-integral [21] nor the C-integral [22,23] is path-inde­

pendent. Because of this, the crack tip stress intensity is ill-defined during the transient loading stage 

and can not be calculated properly by the finite element method. 

To overcome this difficulty, the elastic zone concept, developed by Suo et al [24] to deal with 

cleavage fracture in the presence of background plasticity, was adopted. A circular elastic region 

(elastic zone) of radius D, shown iii Fig. 2a, was introduced at the crack tip. This zone allowed crack 

tip stress intensity at any instant during loading to be evaluated without ambiguity. The physical inter­

pretation of the elastic zone is that, within a small distance from the crack tip, the dislocation activity 

there can not be treated by a continuum theory. The plastic deformation process at this length scale is 

in fact discrete. Furthermore, the effect of the dislocations infinitely close to a crack tip on the shield­

ing of the crack tip is not well understood. Most atomistic models which consider the contributions of 

individual dislocations have defined a critical distance away from the crack tip for dislocation nucle­

ation. Hirsch et al [15] and Hirsch and Roberts [4] assumed that the condition for nucleation of a new 

dislocation loop is that the stress at a critical distance xc from the crack tip must be sufficient to 

expand the loop against the line tension/image stress resistance. Brede [16], on the other hand, plainly 
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assumed that dislocations would be emitted at a distance r0 from the crack tip when the resolved 

stress on the dislocation exceeded a critical level. In· these models, a critical ( or characteristic) length 

could not be avoided. In the present model, the characteristic length is the elastic zone siz.e D, which 

is usually chosen to be a small fraction of the characteristic plastic zone size R0 defined in equation 

(7). The implication of the elastic zone is that, whatever dislocation activities there are within the 

elastic·zone, the effects of them on the crack tip shielding are negligible. 

A circular region centered at the crack tip with radius much larger than R0 was considered in 

the current study (See Fig. 2). Plane strain, 8-node reduced integration elements were used. A typical 

finite element mesh is shown·in Figure 2b. At the crack tip, a ring of singular elements with a Strain 

singularity of 1/ Jr were used to capture the elastic stress and strain singularities. A circular elastic 

zone of radius D was introduced by assigning an elastic property to the first few rings of elements 

around the crack tip. The remainder of the model behaves as an elastic/rate-dependent plastic material 

obeying the constitutive law of equations(4) and (5). A mode I K-field was applied at the nodes along 

the outer boundary by imposing displacement boundary conditions. Different constant rates of 

applied stress intensity were obtained by having different displacement rates along the boundary. 

The finite element software, ABAQUS [25], was employed to calculate the response of the 

cracked body under various loading conditions and temperatures. The I-integral was calculated along 

several contours within the elastic zone. The crack tip stress intensity was calculated from the /-.inte­

gral values at any given instant utilizing 

IV. Results 

. JE 1/2 
K'/P = (--) 

1-v2 
( 11) 

Computer simulations have been performed to investigate the crack tip shielding due to plastic 

deformation and the behavior of BDT based on the current model. In this section, the general behav­

iors of the model for different dimensionless parameters will be studied. Then a specific material, sin­

gle crystalline silicon, will be studied. The results will be compared with experimental measurements. 

4.1 General Behavior for Different Parameters 

The typical crack tip shielding effects due to rate-dependent plastic deformation are shown in 

Fig. 3, where the normaliz.ed crack tip stress intensities, ~;p /K1c, for a number of different tempera.;. 

tures at a constant loading rate, KfPP / (K1/tc> = 1.0 are plotted as a function of applied stress inten:-
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sity, K'fPP /K1e. The material parameters used in this calculation are shown in the figure caption. The 

plot clearly indicates that because of rate-dependent plastic deformation, the crack tip stress intensity 

is no longer proportional to the applied stress intensity. 

At relatively low temperatures, the relationship between the crack tip stress intensity and the 

· applied stress intensity is nearly linear. As the temperature increases, the dislocation mobility 

increases according to an Arrhenius law, thus the shielding effects become more substantial. As a 

result, the crack tip stress intensity would reach K1e (if it ever reaches K1e) at a larger K'f PP for higher 

temperatures. Beyond the critical temperature (Tc=1004K in this case), no matter how large the 

applied stress intensity is, the crack tip stress intensity will not go beyond K1e. Thus the BDT occurs. 

As expected, a very similar behavior is predicted by the current model for different loading 

rates at a given temperature (The normalized loading rate will be denoted by Ksi(fPP / (K1/te) hereaf­

ter). Fig. 4 shows the results of the K'/P /K1e versus fGPP /K1e curves for different loading rates at 

T=lOO0K. Although the material could be brittle under a high loading rate at this temperature, it could 

become ductile under a lower loading rate. 

The BDT temperature as a function ofloading rate is illustrated in Fig. 5, in which the applied 

stress intensity required for cleavage fracture, K'f:P, is plotted as a function of temperature for several 

different loading rates. It is seen that for all the loading rates considered, the BDT is rather sharp. The 

required far field stress intensity for fracture increases dramatically within a few degrees of the transi­

tion temperature. However, our computer simulation results also show that within a wide temperature 

range below .the transition temperature (often more than 100 to 150K), there is a steady increase in the 

apparent fracture toughness of about 50-200% due to dislocation activities at the crack tip. Neverthe­

less, the crack tip shielding due to the motion of these dislocations is just not enough to prevent the 

crack from fracturing in a brittle, cleavage fashion. Fig. 5 also shows that the increase in the apparent 

fracture toughness depends upon the loading rate. This will be discussed further later. 

The effect of the stress exponent n was also investigated. As n becomes larger, the plastic 

strain rate becomes increasingly sensitive to the stress level. For very large n, a stress a>cr0 will pro­

duce a very high plastic strain rate, whereas cr«:s-0 will result in a negligible plastic strain rate. This 

effect is shown in Fig. 6 where the apparent fracture toughness is plotted as a function of temperature 

for three different n values. In calculating these curves, the coefficient a. in equation (8) for different n 

was adjusted such that different n values would give the same transition temperature at a specific 

loading rate (K=l). The determined a. value was then used for the other loading rates for a given 

exponent n. Fig. 6 shows that the relation between the BDT temperature and the loading rate does not 
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depend on then value. But as n increases, because of the higher sensitivity of the plastic strain rate on 

the stress, the transition becomes sharper. For n=l.4, a toughening (increase in apparent fracture 

toughness) of 100-200% was obtained before the BDT occurred. But for n=10, only a 20-40% 

increase in the apparent fracture toughness was achieved. This effect is also shown in Fig.7 where the 

~ip / K1c versus K_'f PP I K,c curves for a few n values are plotted around the BDT temperature. While the 

crack tip stress intensity for n=l.4 approaches the critical stress intensity in a very gradual manner, 

the crack tip stress intensity for n=lO increases nearly linearly until just below the critical stress inten­

sity and then turns abruptly. We will discuss the implications of this behavior further later. 

4.2 Comparison with Experimental Results in Si Single Crystals 

The predictions of the model have been compared with experimental results. Single crystal Si 

was chosen for comparison because of the vast amount of experimental information available for this 

material. Most material constants used in the calculations were obtained from Brede and Haasen [6]. 

The stress exponent n was estimated from Fig. 3.11 in Hull [17]. The only model parameter used to fit 

the experimental data was the coefficient a. in equation (8). In our calculation, a. was determined by 

matching the BDT temperature with the experimental value at a specific loading rate. Once it was 

determined, the same a. was used for the other temperatures and loading rates. The material constants 

used in the calculation for single crystal Si are given in Table I. 

The experimental results of Brede and Haasen [6] were used for the comparison. A number of 

the loading rates applied in their experiments were considered. The lowest loading rate K=0.885 was 

used to determine the a. value. The computational results are plotted in an Arrhenius-type graph, Fig. 

8, together with the experimental data of Brede and Haasen [6]. The circles are our computational 

results for the loading rates corresponding to the experimental loading rates. The squares are the 

experimentally measured BDT temperature at those loading rates. The solid line is the best fit Arrhe­

nius curve to the experimental data. It is clear that our computational results agree with the experi­

mentally measured BDT temperatures very well. This is not surprising because if the BDT is 

controlled by dislocation mobility, it is expected to scale with the Arrhenius curve characterized by 

the activation energy Q. This behavior has been observed by many researchers. 

We also tried to explore whether the crack tip shielding behavior was captured by our model. 

Fig. 9 shows the comparison between the model predictions and the experimental data of the apparent · 

fracture toughness, K~[ P, as a function of temperature. Although the exact features of the experimental 

data are not completely captured, the general trend of crack tip shielding seems to be well modelled. 

On the other hand, it is noted that for these brittle fracture tests, it is very difficult to get highly consis-
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tent experimental results. Fig. 9 shows that in some cases ( K = 4.14, 8.64) very little crack tip shielding 

is observed in the experimentally measured critical stress intensity below the BOT temperature. 

Whereas in some other cases (K = 18.50), substantial shielding is observed experimentally. Conse­

quently, the model predictions are sometimes higher, and sometimes lower than the experimental 

data. 

V. Concluding Remarks 

In the current study, we modelled the·BDT behaviors based on the single assumption that the 

transition is controlled by dislocation mobility. The effects of dislocation motion are accounted for 

using a simple isotropic rate-dependent plasticity theory. The plastic strain rate is assumed to obey an 

Arrhenius law with a power law dependence on stresses. Except for a coefficient, the dependence of 

strain rate on temperature and stress can be uniquely determined from the experimental information 

of dislocation velocity in particular crystals. 

The finite element method was used in this study. Since plastic deformation occurs continu­

ously as the load (or stress intensity) is applied gradually, the nature of the current problem is essen­

tially th~ transient response of the crack .tip fields. Most atomistic models using dislocation theories 

[2,15,16] consider the interactions between dislocations and the crack tip, but are unable to account 

for the constantly changing stress field around the crack tip during the transient stage. Our study, 

however, takes full account of the constantly evolving stress distribution and re-distribution during 

loading. In fact, our computational results show that at the BOT temperature, the stress distributions 

for different applied loading rates in the plastic zone are almost identical at a crack tip intensity level 

near K1c, as shown in Figure 10. Figure 10 also shows that the high stress singularity is substantially 

reduced due to the plastic deformation. These results are consistent with atomistic simulations of 

Brede [16] and Hirsch and Roberts [4], and with experimental observations of Michot and George 

[26]. 

The elastic zone concept [24] was adopted in the current model. In addition to the operational 

purpose of obtaining a consistent evaluation of the crack tip stress intensity, this adoption also has 

some physical implications. Since no plastic deformation occurs within the elastic zone very near the 

crack tip, it is implied that dislocation activities very near the crack tip do not have a substantial effect 

on the crack tip field. Furthermore, the existence of an elastic zone effectively creates a barrier to the 

onset of plastic deformation. This is equivalent to a barrier to dislocation nucleation. The larger the 

relative elastic zone size, D!Ro, the more difficult it is to initiate plastic deformation, corresponding to 

a higher barrier to dislocation nucleation. Considering the fact that the instantaneous nucleation of 
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dislocations is rarely achievable in BCC transition metals such as a.-Fe and semiconductors such as 

Si, the introduction of an elastic zone to capture the feature of a nucleation barrier seems to be a logi­

cal choice. The effects of different elastic zone sizes are currently under investigation. 

A number of interesting features of the BOT behavior have been predicted by the c~ent 

model. Our computer simulation results show that as the stress exponent n increases, the BOT 

becomes sharper. Generally speaking, a dislocation nucleation controlled BOT would be much 

sharper than a dislocation mobility controlled BOT, because the nucleation barrier essentially serves 

as an on/off valve. For nucleation controlled BOT, before the barrier is overcome, the fracture tough­

ness should be the intrinsic cleavage toughness with no crack tip shielding. Once the nucleation bar­

rier is overcome, since dislocation motion is so much easier, the behavior should be purely ductile. 

Following this argument, our simulation results indicate that materials with a larger stress exponent n 

are more likely to obey dislocation nucleation controlled BOT, whereas those with a lower n tend to 

have a dislocation mobility controlled BOT. It is well known that materials such as Si, Ge, and GaAs 

have relatively low stre~s exponents (between 1.4 to 3.0), whereas materials like Fe-3%Si, LiF and•W 

have high stress exponents (between 20 to 40) for dislocation velocity. There is indeed experimental 

evidence that in Si, GaAs, and MgO, dislocation nucleation is easier than dislocation motion [9,10]. 

On the other hand, it has been observed that in some materials with high value of n such as W single 

crystals, the BOT is rather gradual [27]. It should be noted that the above model prediction is for 

materials which are initially dislocation-free, and dislocations can only be nucleated from crack tips. 

Except for Si single crystals, almost all other crystals (unless they have been grown in ideal environ­

ment such as in space) have pre-existing dislocations in them. The motion and multiplication of pre­

existing dislocations will make the BDT more gradual, as has been shown by Warren [28]. 

Our computational results also show that the sharpness of the BOT depends on the loading 

rate. At low loading rates, the transition seems to be very sudden. But at high loading rates, the transi­

tion tends to be more gradual (see Fig. 5). Based on the same argument, this prediction seems to indi­

cate that the BOT tends to be dislocation nucleation controlled at low loading rate, and dislocation 

mobility controlled at high loading rate. This is certainly true for the two limiting cases: quasi-static 

loading and extremely high loading rate. Under quasi-static loading, as long as dislocations can 

. nucleate, they would always have enough time to move away from the crack tip, thus to result in dis-

location nucleation controlled BOT; whereas under extremely high·loading rate, dislocation mobility 

is always the rate limiting process. There is no conclusive experimental evidence to support this pre­

diction qf the current model. But a close examination of the results by Michot (see, e.g., Fig. 23 in 
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Ref. [7]) does reveal that when the loading rate increases, the applied critical stress intensity right 

before the BOT increases steadily. 

Because of the isotropy assumption, the current study is incapable of revealing any orientation 

dependence of the BOT. Such effects have been observed to play an important role in the BOT 

[8,15,29,30]. These behaviors can in principal be investigated with the current model, provided that a 

crystal plasticity theory is used in which only a limited number of slip systems are allowed for dislo­

cation motion. The finite element method for crystal plasticity has been applied by Mohan et al 

[31,32] to study the crack tip field of FCC single crystals. That approach can readily be adopted in the 

current model to study the orientation and other structural dependence of the BOT behavior. 
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Table 1: Material constants for Si used in calculations 

E V Kie Q n <Jo tc a 
(GPa) (MPa:/m) (eV) (MPa) (second) 

156 0.215 0.9 2.07 1.4 156 50 4.646x 104 



Figure Captions 

Figure 1: Typical behavior of the applied stress intensity at temperatures within about 100 degress 
celsius of the BDT temperature. 

Figure 2: Model configuration considered in the current study: (a) circular crack tip region with an 
elastic zone; (b) the finite element mesh used in the current study. 

Figure 3: K'f PP I K1e for different temperatures at a constant normalized loading rate of 1.0. The 
material parameters used were crJE=0.001, v= 0.215, Q=l.7 eV, n=l.4, te=50 sec., and DIRo=O.l. 

Figure 4: K}ip I K1e versus K'f PP IK1e for different loading rates at a constant temperature of 
T=lOO0K. 

Figure 5: K'f PP I KI e at fracture versus T for different loading rates. the BDT temperature is a func­
tion of loading rate. 

Figure 6: K'f PP I K1c at fracture versus T for diffferent n at normalized loading rates of 1.0, 5.0 and 
10.0. 

Figure 8: Comparison of our model predicted BDT temperatures with the experimental results of 
Brede and Haasan [6] for several loading rates. The solid line is the best fit for their experimental 
data. 

Figure 9: Comparison of the applied stress intensity at fracture predicted by our computations 
with the experimentally measured data of Brede and Haasen [6] for three loading rates. 

Figure 10: von Mises stress distribution in the plastic zone at T=Tc for two different loading rates. 
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