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Abstract: Several factors can affect the failure stress of a grain boundary, such as grain 
boundary structure, energy and excess volume, in addition to its interactions with dislocations. In 
this paper, we focus on the influence of grain boundary energy, excess volume and plasticity at 
the boundary on the failure stress of a grain boundary, in copper from molecular-dynamics 
simulations.  Flyer plate simulations were carried out for four boundary types with different 
energies and excess volumes.  These boundaries were chosen as model systems to represent 
various boundaries observed in “real” materials.  Simulations indicate that there is no direct 
correlation between the void nucleation stress of a boundary and either its energy and excess 
volume.  This result suggests that average properties of grain boundaries alone are not sufficient 
indicators of the failure strength of a boundary. However, local boundary properties related to the 
ability of a grain boundary to undergo plastic deformation are better markers of its strength.   

1.  Introduction 
Research over the past few decades has provided a wealth of data regarding the influence of 
microstructure on damage nucleation and evolution during plate-impact experiments. Microstructural 
features such as grain boundaries, inclusions, vacancies and heterogeneities can promote plastic 
deformation and affect the response of a material to dynamic loading [1-7]. In particular, grain 
boundaries can be important nucleation sites for defects that eventually lead to failure.  One specific 
failure process, spall, that is shock compression-and-release-induced fracture of solids, motivates this 
investigation.    Grain boundaries in metals have their own structure, distinct from regions of perfect 
crystalline material.  Not surprisingly then, individual grain boundaries with varying structures can have 
unique responses under plate impact experiments.  In fact, observations of spall failure in high-purity 
Cu metal demonstrate, that not only does spall occur preferentially at grain boundaries [8] but also 
certain special boundaries are more resistant to spall [9].    This point is also supported by work of 
Wayne et al. [10] who found that grain boundaries with certain misorientations, in polycrystalline Cu, 
are preferred locations for intergranular damage.  The fact that these void generated by voids tend to be 
localized at specific grain boundaries, suggests that the standard geometric descriptors of dislocation-
based mechanisms cannot explain the reduced prosperity of failure at special CSL boundaries [8,11]. 
This statistical analysis indicates the importance of the GB structure and its association with the 
deformation behaviour. During dynamic loading, this sort of localization of voids at specific grain 
boundaries based on the boundary structure is often ignored in continuum and hydrodynamic models of 
spall failure since it is not well understood.  This paper attempts to correlate susceptibility of a 
boundary to failure to its average and local properties in the hope that it would also shed light on 
possible mechanisms for void nucleation.  
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2.  Simulation Methodology 
 
2.1 Grain Boundaries 
In order to separate the effects of grain boundary energy (GBE) and excess volume (EV) from other 
average properties of the boundaries, four boundaries were chosen -- representing a range in these GB 
properties encountered in “real” polycrystalline materials.  We performed shock simulations at 300 K, 
in a flyer-plate geometry, on the following four different grain boundaries in Cu:  

• Σ11 <101> {545}-{181} 50.48o asymmetric tilt 
• Σ11 <101> {545}-{181} 50.48o asymmetric tilt boundary whose structure was disordered 

by annealing and subsequently quenching the Σ11 asymmetric tilt boundary 
• Σ5 <100> {310} 36.9o symmetric tilt 
• Σ3 <110> {112} 36.9o symmetric tilt 

The relaxed structures and properties for these boundaries at 0 K are shown in figure 1 and table 1. 
 
The range of grain boundary energies and excess volumes, shown in table 1, match well with values 

calculated in previous works [12-14].  It is interesting to note that only changing the local structure of 
the Σ11 grain boundaries, even though the orientation relationship between the two grains is the same, 
resulted in a 14% and 97% change in GBE and EV, respectively. Even though the Σ5 boundary is a 
symmetric tilt boundary, it is the highest energy boundary studied in this paper because it is a <100>-tilt 
boundary. In general, for the same Σ value, the energy of <100> tilt boundaries is higher than the 
<110> boundaries [15].  The Σ3 incoherent twin boundary is the lowest energy boundary studied here 
and corresponds to the low energy structure for the incoherent twin boundary as discussed in [13].   
  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: Relaxed GB structures for the four boundaries used in this study.  The atoms are colored by 
the centrosymmetry [16] parameter where blue represents atoms close to an fcc environment and red 
represents atoms not in fcc configuration any more.  The range of the centrosymmetry parameter in all 
the images is different in order to highlight the GB.  Reproduced with permission from reference [17]. 
 
2.2 Plate-Impact Simulations: 
All the MD simulations were based on an embedded-atom method (EAM) interatomic potential model 
for copper developed by Mishin et al. [18].  Our MD simulations used a combination of SOLVER [19-
22] for initially relaxing the grain boundaries at 0 K and LAMMPS [23] for finite temperature and 
shock-loading simulations.  The details of the LAMMPS shock simulations are discussed in [17] 
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2.3 Post-Impact Analysis: 
To track the shock wave and other physical properties during the shock simulation, the simulation cell 
is divided into bins of size 0.55 nm in width along the shock direction and the average physical 
properties such as particle velocity and stresses are obtained within each bin. The void nucleation stress 
for the boundaries was calculated from the peak stress in the profiles immediately before void 
nucleation, in the shock direction.   The energy and excess volume of the grain boundary was computed 
as the total energy/volume of the unconstrained atoms, less the bulk crystal energy/volume for the same 
number of atoms, divided by the planar area of the boundary from the relaxed grain boundary structures 
at 0K.   
 
Table 1: The grain-boundary types used in the MD simulations along grain boundary energy and 
excess volume at 0 K. ST, AT and ICT refer to symmetric tilt, asymmetric tilt and incoherent twin 
boundaries, respectively. Reproduced with permission from reference [17]. 

 
 
 
 

 

3.  Results and Discussion 
 
Spall is a type of fracture and hence the effect of grain boundary energy on spall can be studied by 
using the following equation [24]: 

 

γ f = 2γ s − γ GB + γ p ,     (1) 
where γf, γs, γGB and γp are the fracture energy, free surface energy, the grain boundary energy and the 
plastic work associated with intergranular fracture, respectively.  Thus, in addition to γGB, we also 
investigated γs as another possible factor that can affect the correlation between GBE and the fracture 
strength of a material.  Our study shows that there was an insignificant difference in γs amongst the four 
boundaries.  These results are in line with reference [25] where the authors did not notice a significant 
change in surface free energy with orientation.  We can also combine the terms 2γs and γGB into the 
work of separation, Wsep=2 γs- γGB [26], which is defined as the ideal reversible work required to 
separate an interface into two free surfaces.   It is important to note that, even though Wsep does not take 
into account the plastic and elastic properties of the material along with other factors that can be 
important in predicting the strength of a material, it is an integral interfacial property that can be used to 
predict the upper bound on the theoretical fracture strength of an interface. 

Figure 2 shows plots of GBE, EV and Wsep vs. void nucleation stress for the four boundaries 
selected for this study. It is clear from this plot that there is no direct correlation between grain 
boundary energy, excess volume, work of separation and void nucleation stress.  In fact, the void 
nucleation stress for the Σ11 ordered and the Σ5 boundary is about the same, even though their energies 
are different. Similar observations were made for the excess volume, in spite of the much greater range 
of values sampled.  For instance, even though the excess volume for the disordered Σ11 boundary is 
much higher than that of the other boundaries, its void nucleation stress lies between that of Σ3 and Σ11 
ordered boundaries.  Nor was any correlation found between the void nucleation stress of a GB and its 
Σ number. Further no correlation was found between Wsep and the void nucleation stress as expected 
given that γs was similar for all the boundaries. Even though the difference in Wsep for the Σ5 and Σ11 
ordered boundaries is 0.15 J/m2, their void nucleation stresses were found to be nearly the same.  These 
results suggest that γs, γGB and hence Wsep are not playing a significant role in determining the fracture 
strength of these boundaries. Furthermore, it suggests that the average properties do not capture the 
mechanisms for void nucleation at grain boundaries in Cu.  

GB type γo
GB (J/m2) VExcess (nm3/nm2) 

Σ11 <101> {545}-{181} 50.48o AT 0.667 0.021 
Σ11 <101> {545}-{181} 50.48o disordered AT  0.775 0.807 
Σ5 <100> {310} 36.9o ST 0.913 0.054 
Σ3 <110> {112} 36.9o ICT 0.592 0.021 
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Figure 2: Plots of void nucleation stress vs. a) grain boundary energy, b) excess volume and c) work of 
separation for the four boundaries used in this study. Reproduced with permission from reference [17]. 
 

These results suggest that the plastic work term, γp, could be determinant of the fracture strength of 
an interface in ductile materials.   In the case of brittle materials, in γp equation (1) is low, and hence 
GBE can dominate the fracture energy and hence the fracture strength of a material.  This explains the 
role of grain boundary energy in molybdenum, a classically brittle metal, where Tsurekawa et al. [27] 
did observe a correlation between fracture strength of a boundary and GBE.   However, this analysis is 
more complicated in the case of ductile materials where γp can be significant.   In ductile materials, 
especially under dynamic damage conditions, extensive plastic work precedes and then competes with 
failure processes [9,10].   

Hence, if the magnitude of γp is large, it may dictate the void nucleation stress of a material instead 
of the GBE.  This point is further emphasized by the results for the two Σ11 boundaries where even 
though the orientation in the two grains was held constant, the void nucleation stresses of the 
boundaries differed by 1.34 GPa or 11.2%.  This difference was attributed to the fact that the Σ11 
ordered boundary did not undergo any plastic deformation under shock compression whereas the 
disordered boundary emitted Shockley partials from the boundary [28]. In this case, plastic deformation 
at the boundary due to dislocation emission under shock compression, was acting as a dissipation 
mechanism for the applied stress.  Hence higher plastic deformation during shock compression retarded 
void nucleation by dissipating some of the applied stress. These results demonstrate that GBE and EV 
may not always be the most critical factors controlling damage at a boundary and perhaps local 
properties such as the ability of a boundary to plastically deform needs to be taken into account.  

 
4.  Summary 
In this study, we probed four different grain boundaries, using MD simulations, in order to quantify any 
correlations between the void nucleation stress at a GB and grain boundary energy, excess volume, and 
work of separation.  The boundaries were chosen such that they had varying structures, 0 K energies 
and excess volumes.   The results of plate-impact simulations at a particle velocity of 0.5 km/s show 
that there is no discernible correlation between the void nucleation stress and GB energy, excess free 
volume and work of separation.  The phenomena involved in damage are complex and involve many 
competing processes.  GBE and EV individually fail to predict these complex phenomena in the cases 
investigated here.   Local heterogeneities within a GB, such as ledges, inclusions, and high-energy 
atoms, affect its ability to dissipate stress, and may be the determinants of failure strength in the cases 
considered here. In fact, results from the Σ11 boundaries qualitatively suggest that perhaps a boundary’s 
ability to plastically deform under shock compression, prior to void nucleation, is an important 
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dissipation mechanism for the applied stress.  The idea of failure strength as a competition among 
various stress dissipation processes at grain boundaries is necessary to understand and control the 
failure process. 
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