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Abstract 

    Molecular dynamic simulation (MD) was used to study the brittle versus ductile 

fracture behaviour in nanotwinned Face Centred Cubic (FCC) crystals subjected to the 

uniaxial tensile deformation. A fundamental brittle versus ductile fracture is observed, 

which can be mainly understood in terms of the ratio of surface energy to unstable 

stacking fault energy or the ratio of ideal tensile strength to ideal shear strength in 

atomic model with a confined range of twinning spacing. Results show that the small 

ratio value is favourable for the brittle fracture, and vice versa, the big one supports the 

ductile fracture.  

 

Keywords: Molecular dynamics; Nanotwinned crystal; Fracture 

 

1. Introduction 

    The issue of brittle versus ductile response of solid has attracted much attention. 

Griffith [1] proposed a criterion that crack grew as the energy release rate must be larger 

than the energy required for creation of new surfaces. Kelly et al. [2] went further the 

perspective of brittle versus ductile response that a solid would be either inherently 
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ductile or inherently brittle, mainly depending on the ratio between the theoretical shear 

strength and the theoretical tensile strength. Rice and Thomson [3] believed that a 

correct description of this brittle versus ductile behaviour should be involved the 

competition of cleavage and dislocation emission. The brittle versus ductile transition 

could be simply characterized by the ratio between unstable stacking fault (𝑟𝑢𝑠𝑓) and 

free surface energy (𝑟𝑠𝑢𝑟) [4]. In contrast, Zhou [5] argued that the brittle-to-ductile 

crossover of crack was independent on the surface energy, but only related to the 

unstable stacking fault. 

    Nanotwinned metals exhibits an unusual combination of ultra-high yield strength and 

high ductility. Zhu, et al. [6, 7] discovered that the existing of twin boundary (TB) was 

able to increase both the strength and ductility in metals. However, the TB was regarded 

as one kind of intrinsically brittle grain boundaries [8]. Interestingly, Li and Wang [9, 

10] have recently shown the totally opposite conclusions that the brittle-to-ductile 

fracture can be occurred when the TB spacing changes beyond a critical value.  

    Just as above mentioned, previous experimental and MD simulation results exhibit 

similar or even contradictory comparing with the classic continuum theory. It poses an 

interesting question: whether the continuum concept of free surface energy versus 

unstable stacking fault energy, or ideal shear strength versus ideal tensile strength can 

be used to predict the brittle/ductile fracture in nanotwinned FCC crystals by MD 

simulation? In this study, MD simulations were performed to explore this question. 

 

2. Molecular dynamics simulation model 

   Geometric size of each atomic model of FCC crystals is kept about 86×80×5 lattices 

in 𝑋 , 𝑌  and 𝑍  directions. The crack plane lies on the (1̅11̅)𝑀  plane, the crack 
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propagation direction runs along [11̅2̅]𝑀/[11̅2̅]𝑇  (𝑋  direction), and the crack front 

direction along [110]𝑀/[1̅1̅0]𝑇 orientation (𝑍 direction). TBs with spacing of 20 atom 

layers were introduced into the FCC single crystals along [1̅11̅]𝑀/[11̅1]𝑇 direction (𝑌 

direction). Here, the subscript 𝑀  and 𝑇  means matrix crystal and twinned crystal, 

respectively. An initially left-hand notched crack was inserted into the sample. In order 

to create a local region for stress concentration, one of the crack planes was aligned with 

the TB plane. Periodical boundary conditions were imposed along the crack front 

direction and tension direction. The Embedded atom method (EAM) interatomic 

potentials were adopted. All simulations were performed using a Nose-Hoover 

thermostat and a Parinello-Rahman barostat [11]. A time algorithm was used with a 

time step of 3 femtoseconds. Before tensile deformation, each model was relaxed for 

300 ps at 1.1 K and 0 bar external stress. Then a constant strain rate of 1×10
8
 s

-1
 was 

applied along Y axis at 1.1 K until it stretched to 10% deformation.  

 

3. Results and discussion 

    We carried out MD simulations using EAM potential to calculate the stacking fault 

energies and surface energies of FCC metals. Each case was conducted a full 

minimization to ensure the accuracy of those parameters. Table 1 shows the calculated 

results which are in good agreement with Li and Deng, et al. [9, 12-15]. It is observed 

that for different FCC metals, the energetic parameters exhibit big differences. That will 

result in an obvious distinction in fracture behavior of metals. To evaluate the 

competition between crack cleavage and dislocation emission around the crack tip, it 

was calculated the ratio of (2𝑟𝑠𝑢𝑟 − 𝑟𝑡𝑏)/𝑟𝑢𝑠𝑓, where 𝑟𝑡𝑏 is the TB energy. Because of 

the small value of TB energy, the equation can be approximately simplified to 
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2𝑟𝑠𝑢𝑟 𝑟𝑢𝑠𝑓⁄ . According to the brittle versus ductile fracture mechanism in continuum 

theory, the small ratio value represents a preferential brittle fracture. Therefore, it can be 

predicted that the twinned Al, Ni, Ag, Cu metals exhibit more brittleness in comparison 

with the Au, Pb, Pd, Pt metals during the crack propagation. 

Table 1. Calculated energetic parameters by MD simulation for various FCC metals. 

Metal 𝒓𝒖𝒔𝒇 

(𝒎𝑱 𝒎𝟐⁄ ) 

𝒓𝒔𝒖𝒓 

(𝒎𝑱 𝒎𝟐⁄ ) 

𝒓𝒕𝒃 

(𝒎𝑱 𝒎𝟐⁄ ) 

(𝟐𝒓𝒔𝒖𝒓−𝒓𝒕𝒃 )

𝒓𝒖𝒔𝒇
 Crack 

mode 

Al 218.77 428 64.91 3.25 Brittle 

Ni 379.21 1284 98.28 6.77 Brittle 

Ag 114.59 862 9.16 14.97 Brittle 

Cu 161.31 1239 22.24 15.22 Brittle 

Pd 135.68 1515 8.50 22.27 Ductile  

Pt 168.71 2083 38.44 24.47 Ductile   

Au 90.07 1193 19.88 26.47 Ductile   

Pb 23.94 348 1.79 29.00 Ductile   

 

    Fig. 1 shows the tensile stress-strain curves for varying nanotwinned FCC metals 

under unaixal tensile deformation. By combining with the ratio of surface energy to 

unstable stacking fault listed in Table 1, it can be seen the striking brittle versus ductile 

fracture by identifying that the stress drops sharply to near zero GPa (corresponding to 

small ratio value) or stress decreases slowly to low level (corresponding to big ratio 

value) after the stress reaches the peak value. A small value (2𝑟𝑠𝑢𝑟 𝑟𝑢𝑠𝑓⁄ ) exhibits a 

brittle fracture, whereas the big value is preferred a ductile fracture, same with the 

prediction in continuum theory [4]. In other words, for a small value of materials like Al, 

Ni, Cu, Ag, the relatively low surface energy (meaning a low barrier to generate the new 

surface) and the relatively high unstable stacking fault (meaning a larger energy barrier 

to atomic sliding on the slip plane) show the brittle fracture behavior. For higher ratio of 

2𝑟𝑠𝑢𝑟 𝑟𝑢𝑠𝑓⁄  of materials like Pt, Pd, Au, Pb, dislocation activities become easier prior to 

the initiation of crack cleavage. The fracture shows a completely ductile manner. 
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Fig. 1 Tensile stress versus strain for various FCC metals with twinning spacing of 20 atom layers. 

  

   

Fig. 2 Atomistic views of crack propagation around the crack tip: (a) Cu; (b-c) Au. Atoms are coloured in 

(a-b) according to the common neighbour analysis. The light and dark colour of same colour in (a-b) 

means two successive atom layers in [110]𝑀/[1̅1̅0]𝑇 direction. Atoms in (c) are shown by Von Mises 

strain. 

    The detailed crack propagation mechanism around the crack tip can be understood 

from the atomic configuration. Fig. 2 shows the two obviously distinct fracture behavior 

for Cu (brittle) and Au (ductile). The Cu with relatively low ductile indicator 

(2𝑟𝑠𝑢𝑟 𝑟𝑢𝑠𝑓⁄ ) suggests the much strong tensile characteristic competing over the shear 

effect. Atomic bonding is easy to break rather than the inhomogeneous dislocation 
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nucleates from the crack tip. The crack moves forward with flat surfaces without any 

dislocation activity. In comparison of Cu, Au with a high 2𝑟𝑠𝑢𝑟 𝑟𝑢𝑠𝑓⁄  owns lower 

dislocation energy barrier, dislocation-associated mechanism dominates the entire 

plastic deformation, resulting in a completely ductile fracture failure. 

Table 2. Calculated ideal tensile strength and ideal shear strength parameters by MD simulation. 

Metal 𝝈𝒄(GPa) 𝝉𝒄(GPa) (𝝈𝒄 ∙ 𝑺) 𝝉𝒄⁄   Crack mode 

Al 8.79 2.76 0.516 Brittle 

Ni 24.35 11.20 0.683 Brittle 

Ag 10.46 3.66 0.897 Brittle 

Cu 16.84 4.88 1.085 Brittle 

Pd 17.12 4.15 1.296 Ductile  

Pt 21.63 4.97 1.368 Ductile   

Au 11.62 2.58 1.416 Ductile   

Pb 3.24 0.62 1.653 Ductile   

 

    Besides that, an alternative criterion was also made to determine the brittle and 

ductile response by involving the ideal tensile strength (𝜎𝑐) and the ideal shear strength 

(𝜏𝑐 ). The method to calculate the ideal strength can be referred to Ref. [16]. Each 

parameter was calculated by MD simulation at near 0 K after enough energy relaxation, 

as shown in Table. 2. We judged the indicator value of 𝐴 = (𝜎𝑐 ∙ 𝑆) 𝜏𝑐⁄ , where 𝑆 is the 

Schmid factor. Generally, 𝐴 < 1, the metals tend to be brittle fracture due to the strong 

shear effect to atom shear on slip plane. Conversely, 𝐴 > 1, the metals prefer the ductile 

fracture behavior. In Table 2 Au, Pb, Pd, Pt all with values of 𝐴 much larger than 1, it 

indicates these metals fail in an obviously ductile fracture behavior. For other FCC 

metals, it is predicted the brittle fracture. In the case of Cu, although the indicator 𝐴 is a 

little slightly larger than 1, under the aid of the inserted TBs, the Cu can still be 

cleavage in a brittle manner.  
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4. Conclusions 

    Our results provide an atomic scale view of change of the crack-tip events from the 

crack cleavage to dislocation activity in twinned FCC crystals under low temperature. 

The classic theories of ratio of surface energy and unstable stacking fault energy, as 

well as the ratio of ideal tensile strength and ideal shear strength in determining the 

brittle versus ductile fracture behavior for nanotwinned FCC crystals can be useful in a 

specific twinning spacing range. But keeping in a mind, these approaches will lose 

effectiveness in predicting the brittle and ductile response when the TB spacing is out of 

the limited range (see the brittle-to-ductile fracture transition in twinned Cu with 

various twinning spacings in Ref. [9]). Much care should be also taken to consider other 

influence factors: temperature, size effect, surface feature, the applied strain rate, etc. 

which may alter the applicability of the continuum theories. 
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