
Reviewers' Comments: 

 

Reviewer #1: 

Remarks to the Author: 

This paper discusses the mechanical properties of metallic nanoboxes including both yield stresses 

and strain hardening behaviors. The topic is interesting, and the material system is new. The 

authors took multiple steps (compression test, FEM, MD) to investigate the mechanisms. However, 

the study sounds incomplete and many suggested mechanisms were based on authors’ 

assumption and not rationalized in detail by any of the simulation or experimental methods. 

Therefore, the reviewer believes that this paper needs substantial revision and cannot be 

recommended for publication. Following are some questions that should be addressed in better 

details. 

 

- The nonbox with rough surfaces has much lower yield point. The reason behind this is not 

discussed in detail. The authors could possibly look into dislocation nucleation mechanisms of both 

rough and smooth surfaces and identify the sources of this difference. A detailed discussion should 

be devoted to the existences of the steps and ledges in the rough surface and how their 

distribution and orientation could affect the dislocation nucleation to be easier in the case of rough 

surfaces. 

 

- In addition, the size of the rough and smooth boxes is different. Smooth nanoboxes are about 

10% larger than the rough ones. The yield differences could simply be related to the size effects. 

The authors are recommended to address this phenomenon. 

 

- Discussions on volume differences in page 6 are unclear and puzzling. The language of this 

discussion needs to be improved to address the main point of all these volume comarpisons. 

 

- Greater rate of hardening could be related to larger surface ratios. As the scale of roughness is 

similar to structure dimensions. This should also be discussed from both TEM and MD aspects. The 

authors only speculated two possible scenarios without backing up their hypothesis. 

 

- Page 8 the following statement can be discussed in more details. In what terms are the 

similarities and differences. “The mechanical response of the hollow nanoboxes is substantially 

different from that of solid, single crystalline metallic nanostructures, but is similar to nano- and 

microporous metal foams, and thin-shelled nanostructures such as carbon nanotubes”. 

 

- Page 9. It is not clear if the deformation mode of the sidewalls includes any bending and buckling 

or they are just under compression. The authors first suggested buckling as a possible deformation 

mode. MD simulations also show signs of bending and buckling. However, the experimental 

observations decline any evidence of bending and buckling. This discrepancy and the major 

deformation modes need to be discussed in better details. 

 

- In the methods section why the potential for Ag-Si is needed? There is no Si atoms in the 

system! 

 

 

 

Reviewer #2: 

Remarks to the Author: 

Authors study hollow nanocubes made of Ag and Au, comparing the mechanical behavior under 

compression for nanocubes with smooth and rough surfaces. Hollow cube synthesis required 

several steps, resulting in cube sides about 140 nm with wall thickness around 15 nm. Some of the 

authors carried out a previous study, their ref. [42], compressing Ag nanocubes which are 

passivated with surfactants to tune surface properties which would affect dislocation nucleation. 

This new study also includes high resolution TEM with in situ nanomechanical testing, finite 



element methods (FEM), and molecular dynamics (MD) simulations. It is concluded that the strong 

hardening at large compression, which is observed experimentally, is due to stacking fault-

dislocation interactions. 

 

The behavior of nanostructures depends on size, as discussed for instance in [Li 2018, Wang 

2018], showing diffusion-dominated plasticity dominating below around 10 nm [Sun 2014], and 

dislocation slip [Shong 2016, Wang 2018a] and twinning [Wang 2018b] above that size. For 

nanocrystalline fcc metals a similar set of regimes appears with increasing grain size, with GB 

activity replacing surface diffusion mediated plasticity [Li 2018b]. There is a massive amount of 

research on nanowires but research on mechanical properties of metallic hollow structures is 

scarce, despite the possibility of technological applications. This paper is a welcomed contribution 

to the field of nanomechanics, but some of the conclusions are not convincing for this reviewer. A 

summary of results is provided below, along some of the caveats which can weaken the 

conclusions. 

 

Regarding the experiment, loading curves under the TEM give a yield stress of approximately 130 

and 95 GPa and 10% strain, for smooth and rough nanocubes, and deformation which can be as 

large as 60%-80%. TEM suggest the nucleation of dislocations during compression, but scale bar 

is 100 nm in Fig. 4, so individual dislocations cannot be resolved, as they are in some other 

studies for Ag nanostructures [Sun2014]. There is significant hardening starting at around 40% for 

the smooth cube and 20% for the rough cube. The comparison between smooth and rough is 

complicated by the fact that the density, chemical composition, and small-scale topology of the 

cubes are different. 

 

Regarding FEM simulations, an isotropic elastic-plastic solid is assumed, with a bulk yield strength 

of 600 MPa, which gives nanocube yielding at around 230 MPa and 2% strain, and a stress plateau 

(with slight softenning) after that. The authors indicate that, since FEM does not show hardening, 

materials rather than geometry determine experimental hardening. However, in order to obtain 

hardening, one has to include certain ingredients in FEM calculations, and it is not clear if that is 

the case. Was any type of hardening exponent used for the plastic behavior? In addition to this, 

FEM has to be applied out with care at the nanoscale: anisotropic crystal plasticity and plasticity 

nucleation effects [Li 2002] might be required. Typical representative volume elements might be 

larger than the nanostructure representative size (for instance cube side here). It would be useful 

to demonstrate that the FEM simulations used do have the ingredients required to produce 

hardening for some given wall thickness. 

 

Finally, MD simulations of the hollow nanocube are scaled down with respect to the experiment, 

using a cube side of 50 nm, and 3 different values of thickness: 7, 3, and 2 nm. They assume Ag 

as the single component of the cube. MD simulations are carried out at different compression 

rates, to test for strain rate effects, given that experiments are carried out at a much longer time 

scale. They give, for the sample with 1:7 ratio of wall thickness to cube length, a plastic yielding 

near 585 MPa and 4% strain, with strong hardening associated with densification when walls start 

to touch due to compression after 48% strain. Snapshots of the simulations indicate stacking 

faults, but there is no detailed dislocation analysis. For instance, the paper says “At 53% strain, 

dislocations are found throughout the entirety of the sidewalls”. Fig. 6c shows evidence for 

stacking faults and some disordered regions, but most partial dislocations would have disappeared 

leaving behind only stacking faults. Full dislocations are unlikely to appear for such thin wall. Is 

there any twinning in the MD samples? 

 

Regarding simulation of hollow nanostructures of fcc metals, there are two recent studies: one 

focusing on elastic properties of Cu nanoshells [Yang 2018], and another including a study of 

plastic properties for Pd nanoshells [Valencia2018]. Pd has much higher SFE, but still shows 

mostly SFs and twins at high strain. A possible problem with the MD simulations presented in the 

paper is the use of an interatomic potential not suited for plasticity under compression up to large 

strains. Mordehai et al [Mordehai2018] showed that the plastic deformation of a solid nanocube 



depends strongly on the potential used. There are many potentials for Ag [OpenKim2019]. The 

EAM potential used in this work [Foiles 1986] was not fit to describe properties related to 

dislocation plasticity, unlike more recent potentials like the one by Sheng [Sheng 2011], used in 

[Sun 2014]. A recent study [Rassoulinejad-Mousavi 2018] shows that elastic constants under 

pressure are not well described by this Ag potential. Another recent study [Su 2019] shows that 

the [Sheng 2011] potential is the one which compares better with ab-initio calculations of the 

generalized stacking fault energy surface, which is one of the main factors in stacking fault 

nucleation and motion. The potential by Foiles [Foiles 1986] gives a much lower value for the 

unstable and stable stacking faults. Therefore, the observed strong hardening might be partly due 

to the (artificially) large number of stacking faults due to this lower barrier. 

 

There are always challenges when comparing experiments with different numerical techniques. In 

this case, the comparison does not provide quantitative agreement and improved simulations and 

analysis would be welcomed. 
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Reviewer #3: 

Remarks to the Author: 

This manuscript presents a combined experimental and computational study of plastic deformation 

and strain hardening during compression of hollow Au-Ag nanoboxes fabricated by galvanic 

replacement from perfect solid Ag nanocubes. The authors have tested metallic nanostructures of 

~100 nm in size made with either smooth or rough surfaces. Using in situ SEM/TEM compression 

experiments, they observe that these nanoboxes exhibit strain-hardening behaviors exceeding that 

predicted theoretically for bulk Ag, more so when the surface of nanoboxes is rough as opposed to 

smooth. FEA and MD simulations were used to study the mechanism responsible for this behavior. 

It is concluded that the observed hardening effects result from dislocation interaction with 

stacking-fault (SF) defects, rather than from structural plastic buckling effects. This research is 

new and interesting, and the article is well-written and well-presented. However, the main claim 

that the governing mechanism is associated with dislocation-SF interactions should be better 

substantiated before this manuscript could be accepted for publication in Nature Communications. 

In particular, the authors should address the following major concerns: 

 

1. The authors did not clearly address the internal microstructure differences between smooth and 

rough nanoboxes, such as the presence of grain boundaries, which raises an important concern 

that grain-boundary hardening should not have been omitted in the models. 

 

2. The author should better address how dislocation-SF interactions could significantly contribute 

to the overall hardening and how they are truly impacted by roughness effects. Particularly, 

experimental and MD simulation evidence suggests that dislocation interactions with pre-existing 

SFs are associated with very small transmission energy barriers (e.g. see Wang et al. Nanoscale, 

2019, 11, 12672). Therefore, the authors should propose a better model to explain the 

observation that rough nanoboxes exhibit superior hardening. In its current version, the 

manuscript remains unsettled on this question. 

 

3. FEA simulation results presented are not meaningful and should be further developed because 

(1) they focused on only plastic buckling effects at strains < 20%, while structural effects in MD 

simulations become only evident at strains > 40%, and (2) the elastic-plastic constitutive law used 

for FEA is unclear. In fact, the authors should test their hypothesis by simulating constitutive laws 

with different hardening exponents to study how it could affect the strain-strain response of 

metallic nanoboxes. These results would be more insightful. 

 

4. The authors must clarify the following technical aspects in the text: (1) how stress was 

computed in each method, especially in MD simulations, (2) how strain-hardening exponents were 

measured experimentally, and if the last densification stage where stress increases sharply was 

taken into account or not, and (3) if strain-hardening exponent was quantified in MD simulations, 

and that such prediction should be compared to the experimental exponents. 
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Response to Reviewer Comments for 23 

Hardening in Au-Ag Nanoboxes from Stacking Fault-Dislocation Interactions 24 

Radhika P. Patila, David Doana, Zachary H. Aitkenc, Shuai Chenc, Mehrdad T. Kianib, 25 

Christopher M. Barrd, Khalid Hattard, Yong-Wei Zhangc, X. Wendy Gu*a 26 

aDepartment of Mechanical Engineering, and bDepartment of Materials Science and Engineering, 27 

Stanford University, Stanford, CA 94305, United States 28 

cInstitute of High Performance Computing, A*STAR, 1 Fusionopolis Way, #16-16 Connexis, 29 

138632 Singapore 30 

dMaterials, Physical, and Chemical Sciences, Sandia National Laboratories, Albuquerque, NM, 31 

87185, USA 32 

 33 

Reviewer #1 comments: 34 

This paper discusses the mechanical properties of metallic nanoboxes including both yield 35 

stresses and strain hardening behaviors. The topic is interesting, and the material system is new. 36 

The authors took multiple steps (compression test, FEM, MD) to investigate the mechanisms. 37 

However, the study sounds incomplete and many suggested mechanisms were based on authors’ 38 

assumption and not rationalized in detail by any of the simulation or experimental methods. 39 

Therefore, the reviewer believes that this paper needs substantial revision and cannot be 40 

recommended for publication. Following are some questions that should be addressed in better 41 

details. 42 

 43 
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- The nonbox with rough surfaces has much lower yield point. The reason behind this is not 44 

discussed in detail. The authors could possibly look into dislocation nucleation mechanisms of 45 

both rough and smooth surfaces and identify the sources of this difference. A detailed discussion 46 

should be devoted to the existences of the steps and ledges in the rough surface and how their 47 

distribution and orientation could affect the dislocation nucleation to be easier in the case of 48 

rough surfaces. 49 

Response: We hypothesize that the rough nanoboxes yield at a lower stress because the rough 50 

protrusions behave as stress concentrations. We agree that more careful characterization of the 51 

surface roughness on the nanoboxes would be desirable for this analysis, but unfortunately it is 52 

nearly impossible to do this using TEM, which is the highest resolution imaging technique that is 53 

available to us. Due to the high density of protrusions, a TEM image oriented along the [100] 54 

face of the nanobox shows the superposition of many different protrusions. This means that it is 55 

impossible to estimate the shape of a single protrusion from this TEM image. To address this 56 

issue, we were able to synthesize nanocubes with sparse protrusions by lowering the etchant 57 

concentration. Figure 1 (below) shows TEM images of nanocube samples with low-density 58 

protrusions, which were used to estimate the size of individual protrusions. Figure 1b shows a 59 

high resolution TEM image of the corner of a nanocube, which shows lattice fringes within the 60 

protrusion that are aligned with the crystal orientation of the cube. This indicates single 61 

crystallinity and the lack of grain boundaries at the protrusion.  62 
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 63 

Figure 1. a TEM image of solid Ag nanocubes with sparse surface roughness. b HRTEM image 64 

of individual surface protrusion. 65 

Based on these images, we estimate that protrusions with a radius of curvature (fillet radius) of  66 

~1-3 nm at the base and diameters of  ~10 nm. Using the classical stress concentration 67 

corresponding to a  shoulder fillet in stepped circular shafts (Fig. 2) and the dimensions of the 68 

protrusions resulted in stress concentrations of  ~1.58.1 Experimentally, the relative yield 69 

strengths of the rough and smooth nanoboxes indicate a stress concentration factor of ~1.35 for 70 

the rough nanoboxes, which is in the range of our estimate. This discussion has been added to the 71 

manuscript on page 14, line 286-290.  72 

 73 

Fig. 2 Illustration of shoulder fillet in stepped circular shafts 74 

 75 
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We have also performed additional MD simulations of rough nanoboxes (nanoboxes with 76 

hemispherical protrusions) (see figure below). The most notable difference between the stress-77 

strain curves of the rough and smooth samples is the significant decrease in yield strength in the 78 

rough sample. Both samples yield via partial dislocation emission from the surface. This 79 

suggests that the protrusions act to promote nucleation of dislocations, likely as stress 80 

concentrators, with a stress concentration factor of ~2. We have included this discussion in the 81 

manuscript on page 13, line 275-286 and the following figure in the Supplemental Information. 82 

 83 

Fig. 3. MD simulations of Ag nanobox with rough protrusions and indents. a The rough nanobox 84 

sample. b Comparison between the generated stress-strain data of smooth and rough nanoboxes. 85 

Cross-sectional view of 1:7 rough sample (ratio of wall thickness to length) at c 4% strain, d 7% 86 

strain, e 25% strain, and f 40% strain. Green atoms have FCC coordination and red atoms are 87 

stacking faults. 88 
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 89 

- In addition, the size of the rough and smooth boxes is different. Smooth nanoboxes are about 90 

10% larger than the rough ones. The yield differences could simply be related to the size effects. 91 

The authors are recommended to address this phenomenon. 92 

Response: While the overall size of the smooth nanoboxes is larger than the rough nanoboxes, 93 

the characteristic length scale of interest is the thickness of the sidewall, as this is the load-94 

bearing structure within the nanobox. The rough nanoboxes have thinner walls than the smooth 95 

nanoboxes. Considering the “smaller is stronger” size effect in nanoscale single crystalline 96 

metals2, the thinner walls should be stronger than the thicker ones, which is not observed. Other 97 

researchers have proposed a size-independent strength when metallic nanostructures are in the 98 

200 nm regime.3 This would result in rough nanoboxes with the same strength as smooth 99 

nanoboxes per nanobox cross-sectional (load-bearing) area. This is also not observed. In 100 

addition, the overall size of the rough nanoboxes is smaller than the smooth nanoboxes. The 101 

rough nanoboxes would be stronger than the smooth if strength scaled as overall nanobox size 102 

according to the trend of “smaller is stronger”, but this is not the case. Therefore, we conclude 103 

that differences in yield strength are not due to size effects. The main difference between the 104 

rough and smooth samples is surface roughness, so we propose that this difference is responsible 105 

for differences in yield strength and hardening.  106 

This discussion has been added to the manuscript on page 8, line 149-161. 107 

 108 

- Discussions on volume differences in page 6 are unclear and puzzling. The language of this 109 

discussion needs to be improved to address the main point of all these volume comarpisons. 110 

Response: We apologize for the confusion and lack of clarity. The main point of the discussion is 111 
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that both Au and Ag are present in the final nanoboxes, which indicates that the galvanic 112 

exchange reaction does not go to completion. The evidence for this is the differences between the 113 

volume of the solid Ag nanocube (starting structure), smooth nanobox and rough nanobox. The 114 

section has been modified to better convey this main point (page 6, line 111-122).  115 

 116 

- Greater rate of hardening could be related to larger surface ratios. As the scale of roughness is 117 

similar to structure dimensions. This should also be discussed from both TEM and MD aspects. 118 

The authors only speculated two possible scenarios without backing up their hypothesis.  119 

Response: We have performed additional MD simulations to address this issue (see figure 120 

below). The most notable difference between the stress-strain curves of the rough and smooth 121 

samples is the significant decrease in yield strength in the rough sample. Both samples yield via 122 

partial dislocation emission from the surface. This suggests that the protrusions act to promote 123 

nucleation of dislocations, likely as stress concentrators. Beyond yielding, there is a regime (~10-124 

20% strain) where the smooth sample displays significant hardening and the rough sample 125 

displays negligible hardening. This difference appears to be related to the difference in location 126 

of the dislocation nucleation sites. In the smooth sample, initial yielding involves nucleation of 127 

multiple dislocations from the center of the side walls (manuscript Figure 6). These dislocations 128 

easily encounter each other and interact. In the rough sample, initial yielding involves 129 

dislocations that are spaced far away from each other and have no opportunity to interact. It is 130 

only beginning at ~25% strain, when further dislocations are emitted and begin to interact does 131 

the rate of stress increase in the rough sample begin to match that of the smooth sample. Further 132 

straining indicates similar levels of hardening between the smooth and rough samples. Although 133 

the hardening rate of the rough sample approaches and then matches the hardening rate of the 134 
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smooth sample, we note that the distribution of protrusions that we use in our MD sample do not 135 

contact each other throughout the entire compression simulation. We have included this 136 

discussion in the manuscript on page 14, line 283 and have included the following figure in the 137 

Supplemental Information. 138 

 139 

 140 

Fig. 4. MD simulations of Ag nanobox with rough protrusions and indents. a The rough nanobox 141 

sample. b Comparison between the generated stress-strain data of smooth and rough nanoboxes. 142 

Cross-sectional view of 1:7 rough sample (ratio of wall thickness to length) at c 4% strain, d 7% 143 

strain, e 25% strain, and f 40% strain. Green atoms have FCC coordination and red atoms are 144 

stacking faults. 145 

 146 

We agree with the reviewer that the presences of surface protrusions will increase surface area 147 

and alter the corresponding surface free energy. We have discussed the morphology of the 148 
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surface protrusions using TEM imaging in response to reviewer #1 comments (see Figure 1). 149 

From this analysis, we can get an estimate of the ratio of surface protrusion base diameter (݈) to 150 

height (݀). The average ݈: ݀ ratio of the roughness is 1. Previously, MD simulations have been 151 

performed on tensile testing of silicon nanowires with notched rough surface for varying (݈: ݀) 152 

ratios.4 These simulations show that surface roughness-induced stress concentrations dominate 153 

the yield stress. The effect of surface energy change due to presence of roughness was also 154 

investigated in this work. The generated stress-strain plots of these wires show no post yield 155 

hardening despite the roughness altered surface energies. On the contrary, stress drops after 156 

yielding in these simulations. Therefore, we hypothesize that surface energy alterations are not a 157 

dominant factor for the observed hardening in our nanoboxes. Rather it is the interaction of 158 

stacking faults and dislocations due to bending of the side walls and multiple nucleation sites as 159 

seen from the above MD simulations which was not possible in a tensile tested sample. This 160 

discussion has been added to the manuscript on page 14 line 290-294. 161 

 162 

- Page 8 the following statement can be discussed in more details. In what terms are the 163 

similarities and differences. “The mechanical response of the hollow nanoboxes is substantially 164 

different from that of solid, single crystalline metallic nanostructures, but is similar to nano- and 165 

microporous metal foams, and thin-shelled nanostructures such as carbon nanotubes”. 166 

Response: The compressive stress-strain responses of single crystalline metallic nanostructures 167 

like nanocubes, nanowires and nanopillars are characterized by large slip events in the plastic 168 

regime, and lack of hardening. Metallic foams and thin-shelled nanostructures have stress-strain 169 

curves without large slip events, with hardening. This difference is primarily due to deformation 170 

modes such as bending and buckling. This behavior (gradual deformation without large slip 171 
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events and hardening) is similar to that of the nanoboxes, while the behavior of the solid single 172 

crystalline nanostructures (large slip events, no hardening) is different from that of the 173 

nanoboxes. This discussion has been added to the manuscript on page 9, line 164-172.  174 

 175 

- Page 9. It is not clear if the deformation mode of the sidewalls includes any bending and 176 

buckling or they are just under compression. The authors first suggested buckling as a possible 177 

deformation mode. MD simulations also show signs of bending and buckling. However, the 178 

experimental observations decline any evidence of bending and buckling. This discrepancy and 179 

the major deformation modes need to be discussed in better details. 180 

Response: The nanoboxes are deforming in bending and plastic buckling. This is clearly shown 181 

in MD simulation. Unfortunately, in-situ SEM compression videos cannot be obtained at high 182 

enough resolution to observe bending/buckling as it occurs. But, post-compression SEM images 183 

(Figure 4a) show a compressed, smooth nanobox that is wider than that expected from elastic 184 

deformation alone. This indicates that bending or buckling must occur during compression to 185 

result in this final shape. A discrepancy arises when MD simulations and the post-compression 186 

SEM image are compared to the in-situ TEM movie of nanobox compression, which does not 187 

show bending, but does show a gradual increase in nanobox width during compression. This 188 

indicates that the loading state for the in-situ SEM test is closer to ideal compression as in MD 189 

simulations, while the in-situ TEM test may deviate further from ideal conditions. However, we 190 

see failure of the sidewall in the in-situ TEM movie that is very similar to failure in MD 191 

simulation. In the manuscript, we explain this discrepancy as “Differences in the post-192 

compression in-situ SEM and TEM mechanical testing images may be due to differences in 193 

strain rate, noise levels, or subtle differences in nanobox geometry. In addition, the experimental 194 
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stress-strain curves show a range of behaviors for both the smooth and rough nanoboxes, which 195 

may result in different deformation modes.” We have clarified these issues in the manuscript by 196 

revising the text on page 10, line 188 (section page 9,177-200) and rearranging and adding text 197 

to page 12, line 236-241.  198 

 199 

- In the methods section why the potential for Ag-Si is needed? There is no Si atoms in the 200 

system! 201 

Response: Our MD methodology involves compressing the nanobox between two stiff plates. 202 

Due to availability of potentials, we chose to construct these plates out of Si atoms. These plates 203 

interact with the Ag atoms via a Lennard-Jones potential, but do not interact with other Si atoms. 204 

We have clarified the purpose of the Ag-Si potential in the methods section, page 18, line 382-205 

384. 206 

 207 

 208 

Reviewer #2 comments: 209 

Authors study hollow nanocubes made of Ag and Au, comparing the mechanical behavior under 210 

compression for nanocubes with smooth and rough surfaces. Hollow cube synthesis required 211 

several steps, resulting in cube sides about 140 nm with wall thickness around 15 nm. Some of 212 

the authors carried out a previous study, their ref. [42], compressing Ag nanocubes which are 213 

passivated with surfactants to tune surface properties which would affect dislocation nucleation. 214 

This new study also includes high resolution TEM with in situ nanomechanical testing, finite 215 

element methods (FEM), and molecular dynamics (MD) simulations. It is concluded that the 216 

strong hardening at large compression, which is observed experimentally, is due to stacking 217 
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fault-dislocation interactions. 218 

 219 

The behavior of nanostructures depends on size, as discussed for instance in [Li 2018, Wang 220 

2018], showing diffusion-dominated plasticity dominating below around 10 nm [Sun 2014], and 221 

dislocation slip [Shong 2016, Wang 2018a] and twinning [Wang 2018b] above that size. For 222 

nanocrystalline fcc metals a similar set of regimes appears with increasing grain size, with GB 223 

activity replacing surface diffusion mediated plasticity [Li 2018b]. There is a massive amount of 224 

research on nanowires but research on mechanical properties of metallic hollow structures is 225 

scarce, despite the possibility of technological applications. This paper is a welcomed 226 

contribution to the field of nanomechanics, but some of the conclusions are not convincing for 227 

this reviewer. A summary of results is provided below, along some of the caveats which can 228 

weaken the conclusions. 229 

 230 

Regarding the experiment, loading curves under the TEM give a yield stress of approximately 231 

130 and 95 GPa and 10% strain, for smooth and rough nanocubes, and deformation which can 232 

be as large as 60%-80%. TEM suggest the nucleation of dislocations during compression, but 233 

scale bar is 100 nm in Fig. 4, so individual dislocations cannot be resolved, as they are in some 234 

other studies for Ag nanostructures [Sun2014]. There is significant hardening starting at around 235 

40% for the smooth cube and 20% for the rough cube. The comparison between smooth and 236 

rough is complicated by the fact that the density, chemical composition, and small-scale 237 

topology of the cubes are different.  238 

 239 

Regarding FEM simulations, an isotropic elastic-plastic solid is assumed, with a bulk yield 240 



13 
 

strength of 600 MPa, which gives nanocube yielding at around 230 MPa and 2% strain, and a 241 

stress plateau (with slight softenning) after that. The authors indicate that, since FEM does not 242 

show hardening, materials rather than geometry determine experimental hardening. However, in 243 

order to obtain hardening, one has to include certain ingredients in FEM calculations, and it is 244 

not clear if that is the case. Was any type of hardening exponent used for the plastic behavior? In 245 

addition to this, FEM has to be applied out with care at the nanoscale: anisotropic crystal 246 

plasticity and plasticity nucleation effects [Li 2002] might be required. Typical representative 247 

volume elements might be larger than the nanostructure representative size (for instance cube 248 

side here). It would be useful to demonstrate that the FEM simulations used do have the 249 

ingredients required to produce hardening for some 250 

given wall thickness.  251 

Response: A perfectly elastic-plastic material model without strain hardening was used in the 252 

FEM simulation. The reviewer is correct that more complicated material models are typically 253 

required to represent nanostructures using FEM. The goal of the FEM simulations was actually 254 

not to reproduce the experimental results (this is left to the MD simulations, which are more 255 

appropriate for the size scale and complexity of the nanoboxes). Rather, the point of the FEM 256 

simulations is to answer the question, “What is the structural response for a material model that 257 

does not include strain hardening?” The reason that this is relevant to our system, is that the solid 258 

Ag nanocube (the parent structure from which the nanobox is formed) does not show strain 259 

hardening.  It has been shown in previous work from our group that Ag nanocubes have a stress-260 

strain curve typical of single crystalline nanostructures, where there is no hardening after yield.5  261 

Starting from this point, we postulate that because the hollow nanoboxes are simply the solid 262 

nanocubes with the interior and corners removed, the same material model should be used for the 263 
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nanoboxes and solid nanocubes. For instance, the crystal anisotropy and surface dislocation 264 

nucleation effects should remain the same for the hollow nanoboxes and solid nanocubes. Using 265 

this approach results in a discrepancy between the FEM and experimental results on the hollow 266 

nanoboxes. This indicates that a different material model, which includes mechanisms that lead 267 

to hardening, is required to simulate the nanoboxes accurately. MD simulations are used to 268 

capture this behavior. Thus, the fact that the FEM and experiments of the nanoboxes show 269 

different results indicate that it is not the shape of the nanobox that gives rise to hardening. 270 

Hardening at the structural level cannot be achieved without a corresponding material model that 271 

includes hardening, which is in agreement with the reviewer’s comments.  272 

However, in line with the reviewer’s comments, we have run additional FEM simulations in 273 

order to account for the anisotropy of a single crystalline Ag nanobox. For an FCC metal, only 3 274 

constants (c11, c12, and c44) are necessary to fully populate the elastic stiffness matrix.6 The local 275 

material coordinate system and global coordination are aligned so we are compressing in a 276 

principal direction, which is in line with our experiments. The same loading conditions and 277 

boundary conditions are used as previously. The resulting force-displacement curves closely 278 

mimic that of an isotropic model, yielding around 230MPa at ~2% and a stress plateau (with 279 

slight softening after that). This discussion has been added to the manuscript on page 17 line 280 

359-364 and Supplementary Information. 281 

 282 
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 283 

Fig. 5. FEM simulation of a smooth nanobox using an anisotropic model. Cross-sectional view 284 

of a von Mises stress at ~1.5% strain,  b radial displacement at ~18% strain, and c corresponding 285 

engineering stress-strain curve. 286 

 287 

Finally, MD simulations of the hollow nanocube are scaled down with respect to the experiment, 288 

using a cube side of 50 nm, and 3 different values of thickness: 7, 3, and 2 nm. They assume Ag 289 

as the single component of the cube. MD simulations are carried out at different compression 290 

rates, to test for strain rate effects, given that experiments are carried out at a much longer time 291 

scale. They give, for the sample with 1:7 ratio of wall thickness to cube length, a plastic yielding 292 

near 585 MPa and 4% strain, with strong hardening associated with densification when walls 293 

start to touch due to compression after 48% strain. Snapshots of the simulations indicate 294 

stacking faults, but there is no detailed dislocation analysis. For instance, the paper says “At 295 

53% strain, dislocations are found throughout the entirety of the sidewalls”. Fig. 6c shows 296 

evidence for stacking faults and some disordered regions, but most partial dislocations would 297 

have disappeared leaving behind only 298 

stacking faults. Full dislocations are unlikely to appear for such thin wall. Is there any twinning 299 

in the MD samples? 300 

Response: We apologize for the confusion and have updated the statement in the manuscript to: 301 
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“At 53% strain, defects left behind from dislocation slip and interactions including stacking 302 

faults and disordered regions are found throughout the entirety of the sidewalls”. The figure 303 

below shows a summary of the dislocations and stacking faults that appeared in our simulations. 304 

We do not observe full dislocations in any simulated sample. Twinning appears rarely in our 305 

simulations. Any twins are typically 3-4 atomic layers thick as shown in subplot (c) of figure 306 

below. We have expanded our discussion of deformation mechanisms as obtained from MD 307 

simulations in the manuscript on page 12, line 248-252. 308 

 309 

Fig. 6. Cross-sectional view of 1:7 smooth nanobox sample (ratio of wall thickness to length). 310 

Nanobox deformed to a 7% and b 23% strain showing nucleated stacking faults. Green atoms 311 

have FCC coordination and red atoms are stacking faults. c,d,e,f Enlarged regions marked by 312 

corresponding letter in a,b. 313 

 314 

Regarding simulation of hollow nanostructures of fcc metals, there are two recent studies: one 315 
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focusing on elastic properties of Cu nanoshells [Yang 2018], and another including a study of 316 

plastic properties for Pd nanoshells [Valencia2018]. Pd has much higher SFE, but still shows 317 

mostly SFs and twins at high strain. A possible problem with the MD simulations presented in 318 

the paper is the use of an interatomic potential not suited for plasticity under compression up to 319 

large strains. Mordehai et al [Mordehai2018] showed that the plastic deformation of a solid 320 

nanocube depends strongly on the potential used. There are many potentials for Ag 321 

[OpenKim2019]. The EAM potential used in this work [Foiles 1986] was not fit to describe 322 

properties related to dislocation plasticity, unlike more recent potentials like the one by Sheng 323 

[Sheng 2011], used in [Sun 2014]. A recent study [Rassoulinejad-Mousavi 2018] shows that 324 

elastic constants under pressure are not well described by this Ag 325 

potential. Another recent study [Su 2019] shows that the [Sheng 2011] potential is the one which 326 

compares better with ab-initio calculations of the generalized stacking fault energy surface, 327 

which is one of the main factors in stacking fault nucleation and motion. The potential by Foiles 328 

[Foiles 1986] gives a much lower value for the unstable and stable stacking faults. Therefore, 329 

the observed strong hardening might be partly due to the (artificially) large number of stacking 330 

faults due to this lower barrier. 331 

Response: We calculate the relaxed stable and unstable stacking fault energy of the Foiles 332 

potential7 used here as 6.24 mJ/m2 and 116 mJ/m2 respectively. The same quantities for the 333 

Sheng potential are 26 mJ/m2 and 114 mJ/m2.8 Thus, the energy barrier for creating the initial 334 

stacking fault is similar between both potentials. 335 

A study from Van Swygenhoven, et al. that investigated potentials and their likelihood of 336 

nucleating full dislocations or partials with stacking faults showed that the ratio of the stable to 337 

unstable stacking fault energy was a good metric to predict this likelihood9. Among their 338 
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potentials, only potentials with such a ratio >0.9 displayed full dislocations while all other 339 

potentials (with maximum ratio of 0.7) displayed partials with extensive stacking faults. The 340 

ratio of the Foiles potential and Sheng potential is 0.054 and 0.228 respectively, suggesting both 341 

should display partials with stacking faults. 342 

We repeated the MD simulations using the Sheng potential suggested by the reviewer. The figure 343 

below shows a summary of generated stress-strain data and atomic snap-shots of deformation of 344 

the nanobox using the Foiles potential and the Sheng potential. Quantitatively, the stress-strain 345 

data is similar. There is an initially elastic regime which culminates in a peak at ~600 MPa. 346 

There is then an intermediate regime with significant hardening before a final regime of 347 

densification. The atomic deformation mechanisms are similar between the Foiles and Sheng 348 

potentials, with initial deformation occurring by emission of partial dislocations from the free 349 

surface, generating stacking faults through the thickness of the nanobox walls. Increasing 350 

deformation leads to an increase in defect content with significant interaction between extended 351 

stacking faults and subsequently emitted partial dislocations. This suggests that the Foiles 352 

potential is able to capture the relevant deformation behaviour in these compression simulations 353 

of Ag nanoboxes. 354 

We thank the reviewer for bringing these other previous studies to our attention and have cited 355 

them in the manuscript. We have also included the comparison between potentials and the above 356 

discussion in the manuscript on page 19, line 392-400. 357 
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 358 

Fig. 7. MD simulations with the Foiles and Sheng potentials. Nanoboxes compressed to a 7%, b 359 

23%, c 53% strain using the Foiles potential. Nanoboxes compressed to d 7%, e 23%, f 53% 360 

strain using the Sheng potential. g The stress-strain curves for the two potentials. 361 

 362 

 363 

Reviewer #3 comments: 364 

 365 

This manuscript presents a combined experimental and computational study of plastic 366 

deformation and strain hardening during compression of hollow Au-Ag nanoboxes fabricated by 367 

galvanic replacement from perfect solid Ag nanocubes. The authors have tested metallic 368 

nanostructures of ~100 nm in size made with either smooth or rough surfaces. Using in situ 369 

SEM/TEM compression experiments, they observe that these nanoboxes exhibit strain-hardening 370 

behaviors exceeding that predicted theoretically for bulk Ag, more so when the surface of 371 
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nanoboxes is rough as opposed to smooth. FEA and MD simulations were used to study the 372 

mechanism responsible for this behavior. It is concluded that the observed hardening effects 373 

result from dislocation interaction with stacking-fault (SF) defects, rather than from structural 374 

plastic buckling effects. This research is new and interesting, and the article is well-written and 375 

well-presented. However, the main claim that the governing mechanism is 376 

associated with dislocation-SF interactions should be better substantiated before this manuscript 377 

could be accepted for publication in Nature Communications. In particular, the authors should 378 

address the following major concerns: 379 

 380 

1. The authors did not clearly address the internal microstructure differences between smooth 381 

and rough nanoboxes, such as the presence of grain boundaries, which raises an important 382 

concern that grain-boundary hardening should not have been omitted in the models. 383 

Response: The synthesis of nanoboxes, nanoshells (hollow nanocubes without holes at cube 384 

corners) and nanocages using galvanic replacement is well established and covered in multiple 385 

review articles (for example, Skrabalak et al., Acc. Chem. Res. 2008).10 In these studies, careful 386 

microstructural analysis has been performed. For instance, high resolution TEM imaging and 387 

TEM diffraction have shown that the resulting hollow structures are single crystalline.11,12 Our 388 

nanoboxes are fabricated using identical synthetic protocols as in these previous studies, so they 389 

are also expected to be single crystalline. We have added this point to the manuscript on page 6, 390 

line 107-110, page 12, line 252-253. Additionally, as noted in response to reviewer #1 comments 391 

(see above), from Fig. 1 (b), we see that the surface protrusions are also single crystalline and 392 

with crystallographic orientation aligned with the base cube structure.  393 
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 394 

2. The author should better address how dislocation-SF interactions could significantly 395 

contribute to the overall hardening and how they are truly impacted by roughness effects. 396 

Particularly, experimental and MD simulation evidence suggests that dislocation interactions 397 

with pre-existing SFs are associated with very small transmission energy barriers (e.g. see Wang 398 

et al. Nanoscale, 2019, 11, 12672). Therefore, the authors should propose a better model to 399 

explain the observation that rough nanoboxes exhibit superior hardening. In its current version, 400 

the manuscript remains unsettled on this question. 401 

 402 

Response: We have addressed the hardening in the rough nanoboxes in greater detail in response 403 

to reviewer #1 comments (see above). In summary, from analysis of TEM images and MD 404 

simulations of rough nanoboxes, we conclude that the rough protrusions act as stress 405 

concentrations that lead to lower yield strength but higher hardening in the rough nanoboxes. 406 

The reviewer refers to a paper entitled “Size-dependent dislocation-twin interactions” and 407 

concerns a TEM and MD investigation into transmission of dislocations across a twin boundary. 408 

As part of their analysis, the authors calculate the transmission energy across a twin boundary as 409 

a function of the twin size. For typical {111} transmission, the authors show that the 410 

transmission energy is independent of twin size at ~4 meV/atom for Au. We suppose that the 411 

reviewer refers to the similarity between the twin and stacking fault in the small-size limit. The 412 

energy barriers for slip transmission across a grain boundary in Cu are between 254.4-511.2 413 

mJ/m2.13 By comparison, the energy barriers for transmission of dislocations across a twin 414 

boundary in Cu are reported to be between 199-232 mJ/m2, which is similar to the lower bound 415 

of grain boundary transmission13. Both of these interfaces are known to act as barriers to 416 
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dislocation motion and contribute to strengthening14. Although we are unable to find similar 417 

reported quantities for FCC Ag, this suggests that in FCC Cu, a wide range of transmission 418 

energies and interfaces can contribute to strengthening. We have included the preceding analysis 419 

in the manuscript on page 12, line 242-248. 420 

We note that in our simulations, gliding partial dislocations that encounter an existing stacking 421 

fault tend to stop. Within the timescale of the simulation, transmission seldom occurs. An 422 

increasing number of stacking faults therefore both limits the amount of plasticity generated by 423 

individual dislocations and blocked dislocations create back-stresses requiring increasing applied 424 

stress to nucleate subsequent dislocations. These mechanisms are shown in the manuscript in 425 

Figure 6 and correlate with the stress-strain curves. 426 

 427 

3. FEA simulation results presented are not meaningful and should be further developed because 428 

(1) they focused on only plastic buckling effects at strains < 20%, while structural effects in MD 429 

simulations become only evident at strains > 40%, and (2) the elastic-plastic constitutive law 430 

used for FEA is unclear. In fact, the authors should test their hypothesis by simulating 431 

constitutive laws with different hardening exponents to study how it could affect the strain-strain 432 

response of metallic nanoboxes. These results would be more insightful. 433 

Response: The value of the FEA simulations is discussed in the response to reviewer #1. To 434 

summarize, the point of the FEA is to use the material model (perfectly elastic-plastic) that is 435 

appropriate for a solid Ag nanocube (the parent structure for the nanobox) and test whether this 436 

can result in hardening if it is applied to the nanobox geometry. The rationale behind this is to 437 

test whether the nanobox behaves like the solid Ag nanocube with the interior and corners 438 

removed, or whether new deformation mechanisms must be introduced. (1) In regard to 439 
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structural effects in FEA vs. MD simulation: The FEA simulation and MD simulation both show 440 

bulging at the center of the side walls at ~20% strain (Figure 5b,6b). The value of the FEA 441 

simulation is to show that this deformation mode occurs even in the absence of a material model 442 

that includes hardening. (2) The constitutive law for FEA is the perfectly elastic-plastic material 443 

model. This was chosen to mimic the behavior of solid Ag nanocubes  in compression, which 444 

showed no hardening after yielding.5  445 

 446 

4. The authors must clarify the following technical aspects in the text: (1) how stress was 447 

computed in each method, especially in MD simulations, (2) how strain-hardening exponents 448 

were measured experimentally, and if the last densification stage where stress increases sharply 449 

was taken into account or not, and (3) if strain-hardening exponent was quantified in MD 450 

simulations, and that such prediction should be compared to the experimental exponents. 451 

 452 

Response:  453 

(1a) How stress was computed in MD simulations: 454 

For the case of compression along the z-axis, the standard definition of engineering stress is 455 

related to the atomic quantities that are computed during MD simulation according to: 456 

௭௭ߪ = ଴ܣ௭ܨ = ௭௭ݏ߭∑ ௬଴ܮ௫଴ܮ⁄௭ܮ  

where ܮ௫଴ and ܮ௬଴ are the initial cross-sectional dimensions of the nanobox, ܮ௭ is the height of 457 

the nanobox, and ߭ and ݏ௭௭ are the atomic volume and atomic stresses, respectively. The product, 458 ߭ݏ௭௭, can be computed for each nanobox atom following standard definitions 15 and then summed 459 
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over all nanobox atoms.	ܮ௭ is taken as the separation distance between the two rigid plates and 460 ܮ௫଴ and ܮ௬଴ are computed at the beginning of the simulation using the extrema atomic positions. 461 

This discussion is added on page 19, line 403-411 of the manuscript. 462 

(1b) How stress was computed in experiments: 463 

The stress was computed by dividing the measured force by the nominal (footprint) area of the 464 

structures. For example, if the length of the nanobox was 140nm, the force was divided by 140 x 465 

140 nm2 to get the nominal engineering stress.  466 

(2) How hardening exponents were measured experimentally:  467 

The strain hardening exponents were derived by fitting an exponential relation of ߪ =  ௡ to 468ߝܭ

post yield experimental data for each individual test curve (this is discussed on page 8, line 143-469 

148 and page 17, line 344-349 of the manuscript). The values of n from all tests were then 470 

averaged for the reported value of strain hardening exponent for the smooth and the rough 471 

nanobox. The densification stage was not taken in the curve fitting as this sharp rise in stress is 472 

due to touching sidewalls and not the material strain hardening effect. The fitting was limited up 473 

to 50% strain to avoid the densification stage.  474 

(3) If the strain hardening exponent was quantified in MD simulations: 475 

Strain-hardening exponents were not computed for the generated MD stress-strain data primarily 476 

due to the difficulty in numerical comparison between the experimental and computational 477 

stress-strain data. For example, the high strain-rate of the simulated samples results in a much 478 

larger yield stress (and consequently overall stress level) as compared to experiments. This is an 479 

issue that occurs whenever MD simulations are compared to experiments. As a result, the MD 480 
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simulations are most valuable as a way to reveal deformation mechanisms and overall trends, 481 

rather than to perfectly reproduce experimental data.  482 

We have included the above expanded discussion of computation and experimental methods in 483 

the Manuscript Methods section. 484 

 485 
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Reviewers' Comments: 

 

Reviewer #1: 

None 

 

Reviewer #3: 

Remarks to the Author: 

The authors have successfully addressed my first concern about grain-boundary effects, since it 

appears from the literature that the synthesized nanoboxes are single-crystalline. 

 

The authors, however, have not provided convincing evidence that the origin of hardening directly 

resulted from dislocation-stacking-fault (SF) intersections, which is the primary hypothesis of this 

study. Given that the energy barrier from transmission of dislocations through SFs was found to be 

low in Au, all theoretical evidence suggests that the energy barrier for transmission in Ag should 

be very limited as well, because the SF energy of Ag is much lower than that of Au and Cu. In fact, 

further quantitative results from FEM analysis using a strain hardening constitutive law and MD 

simulations should be presented to convince me that the nanobox strain hardening does relate to 

dislocation-induced hardening from the sidewalls. In their current version, Figures 5, 6 and S1 are 

insufficient to substantiate this important claim. 

 

Furthermore, the virial theorem used to compute the stress from their MD simulation is odd, as it 

is not clear if the authors have used the deformed or initial atomic volume in their equation. Using 

the initial atomic volume could yield inaccurate stress results when the simulation box is not 

periodic, large plastic deformation is applied and the model contains thin-walls. The authors should 

further clarify and verify their MD methodology. 

 

While the manuscript quality is improving, I do not recommend its publication in Nature 

Communications yet without further evidence of the hardening mechanism at play. 

 

 

 

Reviewer #4: 

Remarks to the Author: 

After carefully reviewing the answers to the reviewer’s comments, I believe that the authors 

sufficiently address the main concerns and have expanded the technical robustness of the paper. 

However, I have two points for further clarification: 

 

1. The FEM discussion did not appear to provide as much insight as the experimental tests or MD 

simulations. I think that using some language from the answers to the reviewers could clarify the 

FEM. For example, the authors state during their reply to reviewers 2 and 3 that : “The goal of the 

FEM simulations was actually not to reproduce the experimental results (this is left to the MD 

simulations, which are more appropriate for the size scale and complexity of the nanoboxes). 

Rather, the point of the FEM simulations is to answer the question, “What is the structural 

response for a material model that does not include strain hardening?” The reason that this is 

relevant to our system, is that the solid Ag nanocube (the parent structure from which the 

nanobox is formed) does not show strain hardening.” Perhaps some version of this explanation 

could be incorporated into the text since it is not directly clear in the manuscript why the FEM 

presented is for a solid rather than a hollow system. 

 

2. The Au:Ag ratios discussion is a bit confusing (pages 6&7). Are the authors implying that the 

Au:Ag ratios are 70/30 and 30/70? Those are two different alloys and perhaps the observed 

differences are highly impacted by the alloy composition. I think this section can be clearer and 

simply stating that the mechanical properties of Au and Ag are similar is not a sufficient 

explanation. 
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Reviewer #3 comments: 13 

 14 

The authors have successfully addressed my first concern about grain-boundary effects, since it 15 

appears from the literature that the synthesized nanoboxes are single-crystalline. 16 

 17 

The authors, however, have not provided convincing evidence that the origin of hardening 18 

directly resulted from dislocation-stacking-fault (SF) intersections, which is the primary 19 

hypothesis of this study. Given that the energy barrier from transmission of dislocations through 20 

SFs was found to be low in Au, all theoretical evidence suggests that the energy barrier for 21 

transmission in Ag should be very limited as well, because the SF energy of Ag is much lower 22 



than that of Au and Cu. In fact, further quantitative results from FEM analysis using a strain 23 

hardening constitutive law and MD simulations should be presented to convince me that the 24 

nanobox strain hardening does relate to dislocation-induced hardening from the sidewalls. In 25 

their current version, Figures 5, 6 and S1 are insufficient to substantiate this important claim. 26 

 27 

Response: As explained in our previous reply to comments from reviewer#2 during the first 28 

round of review (line 252), the goal of the FEM simulations was to analyze the structural  29 

response (nanobox shape) without the influence of the material response. Adding a strain 30 

hardening model in FEM would mean that we are attempting to reproduce the material response 31 

using the strain hardening model, and would defeat the purpose of performing FEM.  32 

In order to compare the transmission energy in the Ag potentials used here, we attempted to 33 

reproduce the findings of the manuscript cited by the reviewer 1 as reporting a low barrier for 34 

dislocation transmission. We were unfortunately unable to reproduce the methodology because 35 

the method is not provided in the cited paper. We do note several differences between the 36 

structure used in that work and the microstructure observed here. In that paper, a leading partial 37 

dislocation interacts with a single twinned zone (for a large twin region, this is in effect a single 38 

planar fault). In our simulations, we observe bundles of stacking faults and small (2-3 atomic 39 

layers) twinned regions. The result is that in our simulations, leading partial dislocations that are 40 

able to “break through” a stacking fault or twin boundary quickly encounters another boundary. 41 

The accumulated effect of these obstacles (even for low barriers) serves to create a hindrance to 42 

slip that increases with a growing amount of dislocation content. 43 

Additionally, although the energy barrier for transmission of dislocation is low in Au, there is 44 

significant experimental evidence that stacking faults can accumulate in Au nanostructures. For 45 



instance, stacking faults are found to pile up in deforming nanoporous Au nanowires which also 46 

show hardening.2 There are also reports of planar defects acting as barriers to dislocation motion 47 

in Au. Bulge tests on single crystalline Au 105 nm thick films displayed strain hardening that 48 

was attributed to the presence of pinned deformation twins 3. In-situ TEM experiments show 49 

stacking fault tetrahedra in Au acting as barriers to gliding dislocations, requiring significant 50 

bowing of the dislocation before shearing through the stacking fault tetrahedral 4.  51 

There is also ample evidence from MD simulations on Au and other fcc metals that stacking fault 52 

energies comparable to the ones used in our study are able to block dislocations. Previous MD 53 

simulations subjected nanotwinned Au nanowires to tension and reported significant strain 54 

hardening 5. In these simulations, the authors employed an Au potential with stacking fault 55 

energy of 43.4 mJ/m2 and observed that the coherent twin boundaries served as strong barriers to 56 

the glide of leading partial dislocations 5. This phenomenon has also been observed in MD 57 

simulations performed using a Cu potential with similar stacking fault and twin boundary energy 58 

(44.42 mJ/m2 and 22.27 mJ/m2 respectively) 6. These simulations showed a strong blocking 59 

effect of twin boundaries to dislocations in nanotwinned Cu samples. We performed 60 

compression simulations using two different Ag potentials with stacking fault energies of 6.24 61 

mJ/m2 7 and 26 mJ/m2 8. In both sets of simulations, we observed stacking faults and twin 62 

boundaries acting as impediments to gliding dislocations. Previous MD simulations considered 63 

the interaction of a gliding partial dislocation with stacking fault tetrahedra in Cu using potentials 64 

with similar stacking fault energies 9,10. In these studies, the authors employed Cu potentials with 65 

stacking fault energies of 11.4 mJ/m2 9 and 44.4 mJ/m2 10 respectively. In both sets of 66 

simulations, the stacking fault tetrahedra acted as strong barriers to dislocation motion, leading to 67 

significant bowing of the leading partial dislocation. 68 



We lastly note the difficulty in making any claims of transmissibility based solely on the planar 69 

defect formation energy (i.e. the stacking fault energy in this case). For example, dislocation 70 

emission and transmission through grain boundaries (GB) have been widely studied using MD 71 

and there is a reported inverse relation between the transmission energy and GB energy 11. 72 

 73 

Fig. 1. Energy barrier for dislocation slip transfer across an Fe grain boundary 74 

The above figure shows the energy barrier for dislocation slip transfer across a Fe GB as a 75 

function of the GB energy and under two different hydrogen contents (figure from 11). Clearly, 76 

low energy GBs have a higher energy barrier for slip transmission. This can be understood in 77 

terms of the stability of the interface. High energy boundaries tend to contain a large amount of 78 

disorder and boundary free volume that serves as sites of dislocation nucleation or migration 79 

sites in the case of dislocation transmission 12,13. Low energy boundaries contain more coherent 80 

sites, less boundary free volume and are thus more stable making transmission relatively more 81 

difficult. The twin boundary (i.e. a highly-coherent Σ3 boundary in the terminology of the 82 

coherent site lattice) is a good example of a comparatively stable interface. These observations 83 



and understanding are in contrast to the reviewer’s suggestion that a reduction in the stacking 84 

fault planar boundary energy necessarily results in a reduction in the transmission barrier as to be 85 

negligible for blocking dislocation motion. 86 

In order to address the reviewer’s concern, we have included the following sentences on line 258 87 

age 13 of the manuscript (note that super-scripts in the following text refer to manuscript 88 

references). 89 

“Previous MD simulations subjected nanotwinned Au nanowires to tension and reported 90 

significant strain hardening that was attributed to coherent twin boundaries serving as strong 91 

barriers to the glide of leading partial dislocations5. This phenomenon has also been observed in 92 

MD simulations of nanotwinned Cu samples where twin boundaries were observed to have a 93 

strong blocking effect on dislocations6. We note that both of these studies employed interatomic 94 

potentials with similar low stacking fault energies, 43.4 mJ/m2 for Au potential5 and 44.42 mJ/m2 95 

Cu potential6 which compares to the stacking fault energies of 6.24 mJ/m2 7 and 26 mJ/m2 8 of 96 

potentials used in this study.” 97 

 98 

Furthermore, the virial theorem used to compute the stress from their MD simulation is odd, as it 99 

is not clear if the authors have used the deformed or initial atomic volume in their equation. 100 

Using the initial atomic volume could yield inaccurate stress results when the simulation box is 101 

not periodic, large plastic deformation is applied and the model contains thin-walls. The authors 102 

should further clarify and verify their MD methodology. 103 

Response: The formula we have used to calculate stress of the nanobox in the MD simulations is: 104 

௭௭ߪ = ଴ܣ௭ܨ = ௭௭ݏ߭∑ ௬଴ܮ௫଴ܮ⁄௭ܮ  



In the equation, the numerator is computed using the standard definition of virial stress of the 105 

instantaneous nanobox configuration. In analogy to experiments, this is the instantaneously 106 

measured force. In order to match the experimental calculation of engineering stress, we divide 107 

by the initial cross-sectional area of the nanobox sample. 108 

In order to address the reviewer’s concern, we have included the following sentences in the 109 

manuscript on line 437 page 21. 110 

“This form was chosen to most closely match the computation of engineering stress in 111 

experiments. The numerator in Eq. 3 uses the standard calculation of virial stress using the 112 

instantaneous sample configuration and is analogous to the instantaneous force as measured 113 

during compression experiments. In order to match the experimental calculation of engineering 114 

stress, we then divide by the initial cross-sectional area of the nanobox.” 115 

 116 

While the manuscript quality is improving, I do not recommend its publication in Nature 117 

Communications yet without further evidence of the hardening mechanism at play. 118 

 119 

Reviewer #4 comments: 120 

 121 

After carefully reviewing the answers to the reviewer’s comments, I believe that the authors 122 

sufficiently address the main concerns and have expanded the technical robustness of the paper. 123 

However, I have two points for further clarification: 124 

 125 

1. The FEM discussion did not appear to provide as much insight as the experimental tests or 126 

MD simulations. I think that using some language from the answers to the reviewers could 127 



clarify the FEM. For example, the authors state during their reply to reviewers 2 and 3 that : 128 

“The goal of the FEM simulations was actually not to reproduce the experimental results (this is 129 

left to the MD simulations, which are more appropriate for the size scale and complexity of the 130 

nanoboxes). Rather, the point of the FEM simulations is to answer the question, “What is the 131 

structural response for a material model that does not include strain hardening?” The reason 132 

that this is relevant to our system, is that the solid Ag nanocube (the parent structure from which 133 

the nanobox is formed) does not show strain hardening.” Perhaps some version of this 134 

explanation could be incorporated into the text since it is not directly clear in the manuscript 135 

why the FEM presented is for a solid rather than a hollow system. 136 

Response: The reviewer has misunderstood - the FEM simulation included in the manuscript is 137 

of a hollow smooth nanobox, which was described on line 207 page 10 of the manuscript. FEM 138 

of a solid silver nanocube was included in supplementary information (line 47 page 3) to check 139 

that the solid cube results in the expected material response for an elasto-plastic material. In this 140 

way, we know that we can trust the results for the hollow nanocube. As suggested by the 141 

reviewer, we have clarified this issue and added an explanation of the purpose of the FEM 142 

simulation on page 10 line 205 of the manuscript (note that super-scripts in the following text 143 

refer to manuscript references): 144 

“For further insight into the influence of structural architecture on deformation, a hollow smooth 145 

nanobox is simulated using FEM analysis. The purpose of this FEM simulation is to determine 146 

the structural response for a material that does not include strain hardening. This is relevant 147 

because the solid Ag nanocube (the parent structure from which the nanobox is formed) does not 148 

show strain hardening under compression. 14 In this way, the FEM simulation reveals the 149 

deformation of a hollow box, without consideration of material or size effects.  Thus, an elastic 150 



plastic material model that does not include strain hardening was used in the FEM simulation, to 151 

mimic the material response of a Ag single crystal nanocube .14 The FEM model was then 152 

constructed to have a similar geometry as the experimental nanobox, with smooth walls and a 153 

hollow interior.” 154 

 155 

2. The Au:Ag ratios discussion is a bit confusing (pages 6&7). Are the authors implying that the 156 

Au:Ag ratios are 70/30 and 30/70? Those are two different alloys and perhaps the observed 157 

differences are highly impacted by the alloy composition. I think this section can be clearer and 158 

simply stating that the mechanical properties of Au and Ag are similar is not a sufficient 159 

explanation. 160 

 161 

Response: Yes, the estimated ratios of Au:Ag are 30:70 in the smooth nanobox samples and 162 

70:30 in the rough nanobox samples.  The discussion of the elemental ratios is intended to notify 163 

readers of this difference in compositions for the two samples. By stating that the mechanical 164 

behavior of Au and Ag are similar, we mean that the Au-Ag interface is not expected to 165 

significantly impact dislocation and stacking fault transmission. This has been observed in our 166 

previous study of Au-Ag core shell nanocubes,15 in which dislocations were able to cross the Au-167 

Ag interface, such that the stress-strain response of the Au-Ag nanocubes was similar to that of 168 

solid Ag nanocubes.14 This behavior is not unexpected, considering the interactions of 169 

dislocations with bimetallic interfaces that are used to design nanolaminates and precipitate 170 

hardened alloys.16–18 Au and Ag form a coherent interface without significant lattice mismatch. 171 

This type of interface does not provide significant strengthening, or obstacles to dislocations, and 172 



will not block the passage of dislocations. This issue has been clarified in the manuscript on line 173 

124 on page 7: 174 

“This difference in composition is not expected to cause a significant difference in the properties 175 

of the smooth and rough nanoboxes. The Ag and Au interface does not impede the passage of 176 

dislocations or stacking faults, such that the difference in composition should not affect the 177 

deformation mechanism for the nanoboxes.15” 178 

 179 
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Reviewers' Comments: 

 

Reviewer #4: 

Remarks to the Author: 

The authors have fully addressed my concerns and modified the manuscript accordingly. The paper 

should be accepted. 


