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AB S TR ACT:  The molecular dynamics method is used to simulate microcrack 
healing during heating or/and under compressive stress. A centre microcrack in Cu 
crystal would be sealed under compressive stress or by heating. The role of com- 
pressive stress and heating in crack healing was additive. During nficrocrack healing, 
dislocation generation and motion occurred. When there were pre-existing disloca- 
tions around the microcrack, the critical temperature or compressive stress necessary 
for microcrack healing would decrease, and, the higher the number of dislocations, 
the lower the critical temperature or compressive stress. The critical temperature 
necessary for microcrack healing depended upon tile orientation of the crack plane. 
For example, the critical temperature for the crack along the (001) plane was the 
lowest, i.e. 770K. 
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1 I N T R O D U C T I O N  

Microcracks in ceramic [1~3], plexiglass [4], and ice[ 5] could be healed through atom dif- 

fusion during heating. Microcrack in metal materials can also be healed. For example, for 

hot-rolled inconel 600 alloy, microcracks originated early at the grain boundary were closed 

during heating over 870~ with large compressive stress by moving grain boundaries in the 

process of recrystallization [6]. For Cu30Fe duplex alloy, microcracks formed early during 

rolling at room temperature could be closed after rolling exceeded 30% [7]. For 20 MnMo 
steel, microcracks disappeared during hot deformation Is]. In situ TEM observations showed 
that for metal materials, whether ductile or brittle, dislocation emission and motion occurred 
before and during crack initiation or /and propagation[ 9~n]. Therefore, the resistance for 

crack propagation is 27 + %, where "),is the surface energy and % the plastic work. What 

remains to be elucidated is whether the dislocation emission and motion are involved in 
microcrack closure or healing; or whether the plastic work is also involved in the resistance 
required for microcraek healing. 
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Dislocation emission and crack propagation can be simulated by the molecular dynam- 

ics method [12~t4]. In the present paper, the molecular dynamics method is used to simulate 

microcrack healing during pressing or heating and to reveal the role of plastic deformation 

in microcraek healing. 

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

Copper was chosen as the simulated material. The interatomic potential used here is 
the N-body potential proposed by Finnis and Sinclair[ 15] according to the embedded atom 

method (EAM) and constructed by Ackland et al. [16]. The inner atoms follow law of Newton, 

i.e. 
0Etot dvi 

Fi . . . .  m i -  (1) 
Or i dt 

Where Etot is the total energy of a system of atoms in the EAM and ~rt i is the mass of the 
i-th atom. The leapfrog algorithm[ 71 is applied to calculate the positions ri and velocities of 

atoms, i.e. 
vi(t  + At/2)  = (1 - 77)vi(t - At/2)  + ( F i / m i ) a t  

ri( t  + At) = ri(t) + vi(t  + A t / 2 ) A t  (2) 

vi( t  + At) = [vi(t + At/2)  + vi(t  - At~2)]~2 

where rj = 0.1 for relaxation processes and ff = 0 for loading processes. The above scheme 

provides an update  formulation from the current time. The initial velocity is the Maxwell- 

Boltzmann distribution corresponding to a given temperature. The system temperature is 

maintained at a constant value during simulations. 

The parallelepiped with a center slit is used as the simulated cell in the present cal- 

culations. The x, y and z axes are along the extension line of the center crack, along the 
normal of the crack plane, and along the [11 2] direction, respectively. The inclination angle 

between the (111) slip plane and the crack plane changes from 0 ~ to 90 ~ and, in general, is 
set to be 70 ~ The length of the crystal along [1 10] is 45 periods, the width along [111] is 

25 periods, and the thickness along [11 2] is one period. The number of atoms used here is 

about 6000. The length of the center crack is 2a = 3.6 nm, and the width is 0.6 nm, which 
is larger than the potential cutoff distance, which is 0.44 nm. 

The displacement boundary condition is to be used. The atoms move according to the 
plane strain linear elastic displacement field for a cracked solid [ls], which is of the form 

1 + ~  
u -  E [(1- 2u)Re2- yImZ] 

l + u .  2 - v = - -E--  [ (1 - . ) I m Z  - yReZ] (3) 

w = 0  

where Z = a z / X / ( z  + a ) ( z -  a ) ,  Z - d Z / d z ,  z = x + i y ,  a is the applied stress, a is the 

haif-length of the center crack, E is the Young's modulus and u is the Poisson's ratio. Along 
z-direction, a six layer periodic representation is applied. 

For the displacement boundary, the edge-cracked crystal is likely to emit dislocations 
during mode I loading [12~14] but cannot be closed, and for the center-cracked crystal, the 
situation is quite the opposite. In order to generate dislocations in the center-cracked crystal, 
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the edge-cracked crystal is used to emit dislocations under mode I loading, and then tim 

atomic configuration in the area containing the dislocations, which contains 24x24 rows 

atoms, is copied to the center-cracked crystal. During coping, the relative displacements 

between boundary atoms of the area containing the dislocations and their nearest atoms in 

the case of edge-cracked crystal are the same as those in the case of center-cracked crystal. 

3 SIMULATED RESULTS 

3.1 Crack Healing by Heating 

The inclination angle between the crack plane and the (111) slip plane is 70 ~ After 

the center slit is formed, the configuration is relaxed at 0 K until reaching equilibrium, as 
shown in Fig.l(a). The temperature is chosen to be 600K, 650K, 700K, 750K and 800K 

respectively, and maintained to constant during relaxation. The time step is 7.Sx10-4ps. 

Simulations show that when temperature is maintained at 600 K, 650 K and 700 K, the center 
crack can not close after relaxing for a long time, as shown in Fig.l(b). If the temperature 

is maintained at 750 K, the crack begins to heal after relaxing for 3 ps along with generating 
dislocations, as shown in Fig.2(a). After 7.5 ps, the crack is approximately healed but a void 

V and some dislocations as B, C, and D are left, as shown in Fig.2(b). The void does not 

disappear after relaxing for a long time at 750 K. At 800 K, the crack is completely closed 
after relaxing for 9 ps, and some dislocations such as ,4, B, C, D,  E ,  F and G are left, but 

(a) 

::::::::::::::::::::::::::::::::::~ 

(b) 
Fig.1 The atomic configuration obtained by relaxing at 0 K (a) and at 700K (b) 
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(a) (b) 
Fig.2 Crack healing by heating after relaxing for 3 ps at 750K(a), for 7.5ps at 

750K(b), and for 9ps at 800K(c). A to G axe dislocations and V void 
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(c) 
Fig.2 Crack healing by heating after relaxing for 3ps at 750K(a), for 7.5ps at 750K(b), 

and for 9ps at 800 K(c). A to G are dislocations and V void (continued) 

no void, as shown in Fig.2(c). 

3.2 Crack Healing by Compressive Stress 

A compressive stress a perpendicular to the crack plane is applied with a loading rate 

of 0.13 GPa/ps .  When the compressive stress increases to a = -7 .26  GPa, the crack heals 

to some extent but a void and some dislocations are left, as shown in Fig.3(a). When 

compressive stress is increased to a - - 1 3 . 2 G P a ,  the crack closes completely, and some 

dislocations but no void remain in the crystal, as shown in Fig.3(b). 

(a) 

 :i:ii 

(b) 
Fig.3 Crack healing under compressive stress of 7.26 GPa at 0 K (a) 

and 13.2 GPa at 0 K (b). A to K are dislocations, V void 

3.3 Crack Healing During Heating under Compressive Stress 

Simulations show that  the critical compressive stress and critical tempera ture  necessary 

for crack healing are ac = - 1 3 . 2 G P a  and Tc = 800K, respectively. If compressive stress 

= -3 .96  G P a  is applied and tempera ture  is maintained at 600 K, the crack is completely 
closed after relaxing for 11.25 ps and some dislocations are left, as shown in Fig.4. Therefore, 

the applied compressive stress of 3.96 GPa  can decrease the critical tempera ture  necessary 

for crack healing from 800 K to 600 K. Figure 4 also indicates that  increasing the tempera ture  

from 0 K to 600 K can reduce the critical compressive stress necessary for crack healing from 
13.2GPa to 3.96 GPa. 
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Fig4 Crack healing at 600K under ~ = -3.968Pa.  A to D are 
Frank dislocations, E and F Shockley dislocations 

3.4 Effect o f  O r i e n t a t i o n  of  the  Crack  P l a n e  on Crack  Hea l ing  

If the crack plane is along the (111) slip plane (0 = 0), the critical temperature nec- 
essary for crack healing is 850 K instead of 800 K, as shown in Fig.5(a). Crack healing at 

850 K is also accompanied with the generation and movement of dislocations. 

If the crack plane is along (001) plane (0 = 54.?~ the critical temperature for crack 

healing is ??OK, as shown in Fig.5(b). When the crack plane is along the [i 10] plane, 

(0 = 90~ the critical temperature for crack healing is 790 K, as shown in Fig.5(c). 

liiiiiiiiii!ii!iiiiiiiiiiii!!i iiiii' iiiiiiiiiiiii!iliiiiiiii!ii!!ili 
i!iiiiiiiiii?ii!iii!i!!   : i:i) iiiiiiiii!ii!  
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(c) 

3.5 

Fig.5 Healing of tile crack along tile (111) plane at 850K(a), 
the (001) plane at 770K and the (110) plane at 790K(c) 

Effect  o f  D i s l o c a t i o n  on  Crack Heal ing  

For the edge-cracked crystal, a tensile stress perpendicular to the crack plane is ap- 
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plied with a loading rate of 0.01 MPav/-m/ps. When KI  = 0.5 MPav/-m corresponding to 

10000 time steps, the first Shockley dislocation is emitted from the crack tip, and when 

Ks = 0.6 MPav/-~, two Shockley dislocations are emitted from the tip of the edge crack, as 
shown in Fig.6(a). The atomic configuration of the edge-cracked crystal in area A, which con- 

tains the two dislocations, is copied to the center-cracked crystal, and an equilibrium atom 

configuration can be obtained after relaxing at 0 K for a long time, as shown in Fig.6(b). 

.... ~.<..-..v .v.: :....'.<.,,, "fi i'i~'/t'''v',~ "'"<"''":' ;i] / , ' : . . " / i i / ? / / / / / / . . . ' i l  ." -'..'77 ..?'.." " / / , " : . " . " / / X . : ' . -  .<" 

=================================== 
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(a) edge crack (b) center crack 

Fig.6 The atomic configuration containing two dislocations 

For the center-cracked crystal containing no dislocation, the critical temperature for 

crack healing is 800K, as shown in Fig.2(c). However, when the center-cracked crystal 

containing two Shockley dislocations is maintained at 650 K, the crack begins to heal after 

2500 time steps. At the same time, the pre-existing dislocations have disappeared and 

some new dislocations have appeared. After relaxing at 650K for 10000 time steps, the 
crack is completely closed and some new dislocations form, as shown in Fig.7(a). This 

shows that  two pre-existing dislocations can reduce the critical temperature necessary for 
crack healing from 800 K to 650 K. For the center-cracked crystal without dislocations, the 

critical compressive stress necessary for crack healing at 0 K is a = -13.2 GPa, as shown in 

Fig.3(b). If there are two pre-existing dislocations, the crack will be completely closed under 

a compressive stress a = -9 .9  GPa at 0 K, as shown in Fig.7(b). This indicates that  two 

pre-existing dislocations can decrease the critical compressive stress for crack healing from 
13.2 GPa  to 9.9 GPa. In other words, pre-existing dislocations can promote crack healing. If 

the atomic configuration in the area A shown in Fig.6(a) is copied twice to the center-cracked 

crystal, there axe four pre-existing dislocations. At 500K, the crack has been completely 

closed after relaxing for 6500 time steps and some dislocations are generated, as shown in 
Fig.T(c). Therefore, pre-existing dislocation can decrease the critical temperature for crack 

healing, and the higher the number of the pre-existing dislocations, the lower the critical 
temperature  for crack healing. 

4 D I S C U S S I O N  

Similar to crack propagation, crack healing must overcome the surface energy 2% On 
the other hand, our simulations show that  crack healing is accompanied with dislocation 
generation and movement, which involves the plastic deformation work 7p. Hence, the 
resistance of crack healing is 27 + ?p. 
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(c) 
Fig.7 Crack healing for the crystal containing two dislocations at 650 K(a), at 0 K but 

under a compressive stress of 9.9GPa(b)> and containing four dislocations at 
S00K(c) 

Applied compressive stress a can cause crack healing, as shown in Fig.3. Therefore, the 
elastic energy a2~ra(1 - ~,2)/E is a driving force for crack healing. On the other hand, only 

heating can cause crack healing up, hence 8Ur/OA, where UT is the thermal energy related 
to crack close and .4 is the area of the crack, is also the driving force for crack healing. 

Figure 4 indicates that compressive stress can decrease the critical temperature for crack 

healing, and increasing the temperature can reduce the critical compressive stress for crack 

healing. This shows that the two driving forces are additive. Therefore, the condition for 

crack healing is as follows 

a2rra(1 _ ~,2) OUT 
E + ~ -> 27 + % (3) 

Since the surface energy 7 is anisotropic, the critical temperature necessary for crack 
healing is related with the orientation of the crack plane. For Cu, the crack along the (001) 

plane is the easiest to heal, and the critical temperature for crack healing is the lowest (see 
Fig.5). Figure 7 shows that pre-existing dislocations could reduce the critical temperature or 
the critical compressive stress for crack healing. Equation (3) clearly shows that  pre-existing 

dislocations can reduce the resistance of crack healing, that is, reduce the plastic work 7p. 

5 C O N C L U S I O N S  

(1) Compressive stress or heating can cause a center crack healing, and their role are 

additive; 
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(2) Crack healing is accompanied with the generation and movement of dislocations; 

(3) The critical tempera ture  of crack healing is related with the orientation of the crack 

plane; 

(4) Pre-existing dislocations can reduce the critical tempera ture  necessary for crack 

healing. 
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