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A B S T R A C T :  Dislocation emission from the crack tip in copper under mode II 
loading is simulated with molecular dynamics method. After 26 partial dislocations 
are emitted and then relaxed to reach the equilibrium under the constant displace- 
ment, the double pile-ups (including an inverse pile-up and a pile-up) are formed. 
i.e., the first dislocation is piled up before the obstruction, and the last dislocation is 
piled up ahead of the crack tip. These results conform to the TEM observations. 
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1 I N T R O D U C T I O N  

Rice et al. considered that  if dislocation emission was easier than cleavage, the crack 
would be blunted and the ductile fracture happened [1,21. Otherwise, the brittle fracture 

happened. But the in situ observations showed that  to both ductile and brittle materials, 
when loaded, dislocations would be emitted from the crack tip, and under the constant 
displacement, dislocations emitted would be piled up ahead of the crack tip and dislocation 

free zone (DFZ) would be formed. DFZ is an elastic zone, probably with very high stress 
level. As the DFZ is thinned heterogeneously, the stress in DFZ will probably reach atomic 
bond strength, resulting in the formation of nanocracks. To ductile materials [3], nanocracks 
will be quickly blunted into holes and notches. To brittle materials [4'5], nanocracks will 

propagate by cleavage. So, dislocation emission is the prerequisite for crack nucleation (or 
crack propagation) and the DFZ plays a key role in the nucleation of a microcrack. 

To a mode II crack in a single crystal, after a serials of dislocations are emitted from 
a crack tip, the force which is acted on the i-th dislocation Xi is [6] 

Kiib #b 2 #b2f 1 1 
F i - -  ~ 4 7 r X / ( 1 - v )  + E 4-~ ~ + - - )  brf (1) j(~)-- X ~ + ~  X~ X~ 

where the first i tem on the right hand is the crack stress field, the second is the image force 

of the dislocation, the third is the interactive force between dislocations, and the last is 
lattice resistance. Keeping constant displacement after many dislocations are emitted, the 
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equilibrium is reached, then the force acted on each dislocation is equal to zero, i.e. EFi = 0. 

From Eq.(1) we can calculate the distance of every dislocation departed from the Crack tip. 

The calculation shows that  dislocations are piled up inversely ahead of the crack tip. There 

is no dislocation in the zone between the crack tip and the last dislocation of the inverse 

pile-up, which is called dislocation free zone (DFZ) [7]. Many experiments have proved the 

existence of the DFZ [3~5,7]. In crystals, both  second phase particles and grain boundaries 

are strong obstacles to dislocations. If a series of dislocations are emitted from the crack tip, 

advanced dislocations will be piled up ahead of these obstacles. In this case, an additional 

force which will be acted on each dislocation due to obstacles must be added in Eq.(1) 

#b%? ( 1 1 
~, Xi + ~ + X D -  Xi ) (2) 

Here X D is the position of the obstacle, ~ is the intensity of the obstacle [6]. Under this 

condition, if constant displacement is kept, double pile-ups will be formed if the configuration 

reaches equilibrium. Our recent experiment proved it, see Fig.1. Figure 1 shows that  there 

exist the inverse pile-up and pile-up at the same time. The first dislocation is obstructed 

ahead of the obstacle P,  and this series of dislocations are inversely piled up before the crack 

tip A. Here AB is just the DFZ. 

Fig.1 The atomic configuration of the inverse pile-up and pile-up after dislocations 
emitted from the crack tip reach the equilibrium. A is the crack tip, AB is 
DFZ, D is the second phase particle 

Atomistic simulations on dislocation emission, formation of DFZ and nucleation of 

nanocracks with molecular dynamics simulation method are useful. However, influenced 

by Rice's ductile-brittle transition criterion, so far, all molecular dynamics simulations are 

limited in the competi t ion between dislocation emission and bond breaking Is~l~ and few 

people paid much attention on DFZ and the formation of nanocracks in DFZ. Maybe the 

reason is that  the number of atoms involved in computat ion is few, and dislocations emit ted 
is few. Moreover,: if constant displacement is not kept after a series of dislocations are 

emi t t ed ,  the equilibrium can not be obtained, so DFZ is not observed during the former 

computations.  First at all, we simulate the formation of DFZ with molecular dynamics 

simulation method.  
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2 C O M P U T A T I O N  P R O C E D U R E  

The interatomic potential used here is the "N-body" potential proposed by Finnis and 
Sinclair [11] and constructed by Ackland et al. [12]. The ansatz they used is 

1 
u : - + E (3) 

p is the second moment of the density of states, and 

p , =  (4) 
j ( i # j )  

V/j and ~Sij are functions only of the interatomic distance, and can be obtained by assuming 

some functional forms and then fitting to the experimental data. 
The {110}, {111} and {112} crystallographic planes of the parallelepiped with a slit are 

used in the present calculations. The coordinate system is selected to be x, y, z axes along 
<110>, <112> and <111> directions respectively. In the FCC crystal, a full dislocation moves 

in the <110> direction in {111} plane. So, in the present model, the crack plane is taken 
to be in the {111} plane, and the crack front is along the <112> direction. The periodicity 

is in three layers along <111>, two layers along <110> and six layers along <112>. There are 
44 periods along z direction, 132 layers, 928 periods along x direction, 1856 layers, and the 
length of the crystal is w -- 237 nm; along y direction 1 period, 6 layers. The total atomic 
number is n -- 2.44 >< 105. The length of the crack is a -- 30.7nm, and width is 0.63 nm. The 
ratio a / w  -- 0.13, and the ratio of length to width of the crack is 49. As the distance from 

the crack tip to the right boundary is large enough, the effect of the boundary constraints 
on the nucleation and emission of dislocations can be neglected if the dislocations are far 
from the boundary. 

In the present simulations, a mode II loading is used, and the loading rate is d K l l / d t  = 

0.08MPaml/2ps -1. The boundary conditions applied to the boundary of the discrete atom 

region in our molecular dynamics simulation have been that  of a prescribed displacement 
distribution dictated by a mode II anisotropic K field in the x-z  plane. Here the plane strain 
condition is used, i.e. eyy -- 0. The inner atoms follow law of Newton, and the Leapfrog 
Algorithm [13] is applied to calculate positions and velocities of atoms. The time step is 
2 x 10-14s, the initial temperature is 40K. The initial velocity is the Maxwell-Boltzmann 

distribution corresponding to a given temperature.  The temperature of the model is main- 

tained to a constant value during simulations. 

3 S I M U L A T E D  R E S U L T S  

When external load is acted on the model, at the 320-th time step, the first partial 

dislocation is emitted from the crack tip, as shown in Fig.2(a). That  is to say that  the 
critical stress intensity factor for partial dislocation emission is Krle  -- 0.512 M P a m  1/2. It 

should be pointed out that  stress intensity factor KHe has a close relation with the loading 
rate, crack orientation and length. For example, keeping the loading rate constant, if the 
crack length is reduced from 30.7 nm to 2.56 nm, KII~ declines to 0.22MPa m 1/2. If the crack 

length is set to be 2.56 nm, and the loading rate declines from 0.08 to 0,005 M P a m  1/2, Kl l e  

declines from 0.22 to 0.18 M P a m  1/2. When the stress intensity factor K I I  e increases up 
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to  0.576 M P a m  1/2, the second dislocation appears.  Between two part ial  dislocations there 

is the stacking fault, and the stacking fault causes the energy of the crystal  to  increase, so 

almost  all emi t ted  dislocations appear  in pairs, as shown in Fig.3. Near the bounda ry  the 

separat ion of two part ial  dislocations is very small, and the separat ion of two full dislocations 

is also small. But  to dislocations in the middle, the case is just  opposite.  The  width  of 

stacking fault is dependent  not  only on stacking fault energy bu t  also on loading rate  and 

stress fields where dislocations are located. At the 500-th t ime step, K u e = O . 8 M P a m  1/2, 

six part ia l  dislocations have been emit ted,  as shown in Fig.2. The  first emi t ted  dislocation 

moves ahead approximate ly  at  the velocity of 2583 m/s ,  which is below the longitudinal  wave 

speed of 4 560 m / s  for copper.  W h e n  it encounters  the boundary ,  it slows down and is piled 
up. 

At the 1000-th t i m e s t e p ,  K x l e = l . 6 M P a m  1/2 , 26 part ial  dislocations have been 
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(b) Six partial dislocations are emined 

F ig2  The atomic configuration after partial dislocations are emitted from the crack 
tip 
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Fig.3 The positions of partial dislocations after 26 partial dislocations are emitted 
from the crack tip after equilibrium. A is the crack tip, D is the boundary, A B  

is DFZ 
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emitted from the crack tip. Keeping Kiie= 1.6 MPa m 1/2 constant, we relax the configuration 

until it reaches equilibrium. If the resultant of forces acted on each dislocation is zero, 
equilibrium is obtained, as shown in FigA. Ahead of the crack tip, dislocations are piled up 

inversely. The farther the dislocation is departed from the crack tip, the wider the distance 
between two full dislocations is, and AB is the DFZ. At the same time, dislocations are piled 

up in front of the obstacle. The double pile-ups conform with our experimental result very 
well (see Fig.l).  Figure 4 is the equilibrium atomic configuration corresponding to Fig.3. In 
Fig.4(a) there exists a zone where there is no dislocation, we call it DFZ. From Fig.4(a), it is 
clearly known that  the width of DFZ is about 7 nm. Figure 4(b) is the atomic configuration 

near the boundary. Four partial dislocations are piled up ahead of the boundary. 
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(a) The crack tip and the atomic colfl]guration of the front 3 partial dislocations 
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(b) The boundary and the atomic colffiguration of the last 4 partial dislocations 

Fig.4 The equillbriom atomic configuration corresponding to Fig.3 

4 C O N C L U S I O N S  

The critical stress intensity factor KIt~ is associated with the loading rate and the 

length of the crack tip. The higher the loading rate, the higher the K I I  e will be. The 
separations of two partial dislocations and two full dislocations depend on stress of the area 
where they locate. If there are enough dislocations emitted , after reaching equilibrium, 
double pile-ups will be formed between the crack tip and the boundary (or particles). In the 

meanwhile, a DFZ is generated ahead of the crack tip. The computational results conform 
to the experiments. 
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