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Abstract

:

Roughness of surfaces is both surprisingly ubiquitous on all length scales and extremely relevant practically. The appearance of multi-scale roughness has been linked to avalanches and plastic deformation in metals. However, other, more-complex materials have mechanisms of plasticity that are significantly different from those of metals. We investigated the emergence of roughness in a polymer under compression. We performed molecular-dynamics simulations of a slab of solid polyvinyl alcohol that was compressed bi-axially, and we characterised the evolution of the surface roughness. We found significantly different behaviour than what was previously observed in similar simulations of metals. We investigated the differences and argue that the visco-elasticity of the material plays a crucial role.
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1. Introduction


Roughness of surfaces plays an important role in many practical settings, such as friction and adhesion (see, for example, [1]). It appears on all length scales, from geological roughness of mountain ranges, to the microscale roughness of polished surfaces, down to atomic scales. It has been shown that many surfaces display roughness in similar ways on different length scales and are close to self-affine [2,3,4,5], meaning that there is a scale invariance of the roughness, and the roughness profile looks similar. This applies to many different materials, rocks, glasses, metals, etc. Roughness of surfaces is a random, statistical property that appears naturally, with no or very minimal intentional interference.



While the self-affinity is extremely universal, we do not yet have a general understanding of why it appears. The development of roughness of a material surface involves a range of complex physical phenomena such as dislocation dynamics and crack formation (see, for example, [6,7]). In metals, for example, the surface evolution at a microscopic scale is mainly linked to the emergence of dislocations [8]. The heterogeneity of the deformation in the material across different length scales is a common mechanism cited to explain the origin of the roughness and the self-affine surface properties [7,9,10,11,12]. In order to investigate this phenomenon, Hinkle et al. [9] performed molecular-dynamics simulations of the compression of metals and showed that self-affine roughness appeared spontaneously.



Roughness appears in many other materials besides metals, including in much more complex materials. Zhang et al. showed that self-affine roughness appears in oxide glasses obtained from the cooling down of melts but that fractured surfaces are different [7]. Even more complex materials, such as polymers, are likely to have even more complex mechanisms that play a role and that involve new length scales that enter into the structure and dynamics [13]. Moreover, the self-affinity of roughness plays a crucial role in the friction of polymers [14,15].



In this work, we investigated the emergence of surface roughness in polymer surfaces. We performed molecular-dynamics simulations of solid polyvinyl alcohol (PVA). We analysed the roughness and found qualitative differences between the polymer and metals. We investigated these differences in detail and linked them to the structure and dynamics of the polymer.




2. Materials and Methods


2.1. Simulation Setup


We used a non-crosslinked polymer, polyvinyl alcohol (PVA), to create a solid polymer substrate. The approach is similar to that in our previous work [16]. The PVA was described using a coarse-grained force field developed by Müller–Plathe et al. [17]. Each polymer particle represents one structural unit of C   2  H   4  O (see Figure 1). The interaction between monomers consists of bonded and non-bonded contributions. The non-bonded interaction is given by a Lennard–Jones 96 potential    V pair   ( r )  = 4  ϵ 0   [   (   σ 0  r  )  9  −   (   σ 0  r  )  6  ]    where    ϵ 0  = 0.0179   eV is the depth of the potential,    σ 0  = 4.628   Å   the distance at which the potential vanishes, and r is the distance between the monomers. The stretching of a bond is described by a harmonic potential    V bond  = K   ( r −  r 0  )  2    where   K = 2.37   e V /  Å 2    characterizes the stiffness of a spring, and    r 0  = 2.6   Å   is the equilibrium bond length. The bending potential was approximated by an angular potential, which is provided in table format. The system was integrated using the Velocity Verlet algorithm, and the time step was set to 0.8 fs. The simulations were performed using LAMMPS [18].



A solid polymer sample was created by quenching a polymer melt. The melt was set up using the same approach as described in [16]. We simulated 10 million particles in chains of 50. Our box had a length in x and y of 83 nm and was much larger in the z direction. Before solidification, two repulsive walls at a distance of 200 nm apart and perpendicular to the z direction were used to contain the melt.



The temperature of the melt was controlled using a Nosé–Hoover thermostat with a damping parameter equal to 0.16 ps. Initially, the melt was equilibrated at a temperature of 2000 K for 5 ns. Then, the temperature was reduced gradually to 270 K with a cooling rate equal to 216 K/ns. This produced a slab of solid semi-crystalline material, as is shown in the snapshot in Figure 2. The walls in the z direction could then be safely removed.



Once we had created the solid slab of polymer, for our investigations of the emerging roughness, we compressed the material equi-biaxially with a strain   ϵ = Δ L /  L 0    of up to 40% and a strain rate of 0.09375/ns. This was achieved by rescaling the system in the x and y but not z directions. During this compression the temperature was kept constant at 270 K using the same Nosé–Hoover thermostat.




2.2. Calculation of the Self-Affinity of the Roughness under Magnification


As we compressed our simulated polymer block, we analysed the evolution of the roughness of the surface. We followed the approach of Hinkle et al. [9] and calculated a Hurst exponent [19] for the roughness profile, to characterise its self-affinity.



We defined the height of a section of the surface down to the resolution of 1 LJ unit   σ 0  . We divided the box in the x and y directions into bins of this size. The height in each bin was taken as the position of the highest monomer in each bin. The surface roughness   S q   was then calculated as the variance of the height, i.e.,    S q  =      1  N bins    ∑  i = 1   N bins     (  Z i  −  Z ¯  )  2    , where the sum runs over all   N bins   bins involved in the section of the surface under consideration;   Z i   is the highest z coordinate of all particles in bin i; and   Z ¯   is the average over all bins in the section.



We investigated the self-affinity by considering the surface under different magnification  ζ  and splitting the surface into   ζ × ζ   smaller sections. The roughness was calculated for every section, and this value was averaged over all sections.



We then considered the dependence of the average roughness on the magnification. If the surface is self-affine, this is a power-law. The exponent of this power-law, the Hurst exponent, gives the scaling of the self-affinity. We estimated the Hurst exponent of this dependence via a least square linear fit taken between a magnification of 2 and 60. Higher magnifications above 60 are not meaningful, as the size of each section becomes comparable to   σ 0  .




2.3. Calculation of the Nodal Displacements 


To investigate the visco-elasticity during compression, we characterised the displacement of monomers relative to their neighbours and used it to determine the plasticity. We measured the changes in the distance between neighbouring particles. Particles that are at a distance less than   2  σ 0    were considered neighbours. After a change in strain of 0.0375, the distances between a particle and its neighbours changed. A probability distribution function (PDF) was computed to elucidate how the changes in the distance evolve during the compression. If the distance between two neighbouring particles increases by more than a specific threshold amount, then we assumed they will no longer return directly to each other’s vicinity when the strain is reversed. We used a value of   1.5  σ 0    as the threshold that defines when a pair is considered to have a reversible elastic or an irreversible deformation. When the variation of distance of a pair of particles is above that limit, then this pair is counted as having an irreversible (plastic) deformation. The ratio of the plastic pairs over the total number of pairs provides the level of plasticity. We restricted ourselves here to direct elastic deformation with monomers returning to their original positions when the strain was reduced. In principle, also entropic contributions to the elasticity are possible. However, in glasses, which are not in equilibrium, this is poorly defined.



We note that we did not distinguish further based on how the irreversible deformation depends on the deformation rate, i.e., if it is viscous or not. In glassy materials like polymers, there is usually some kind of rate dependence that can be quite complex.





3. Results


During compression, our sample becomes visibly rougher, as expected. This can be seen in Figure 3, which shows snapshots of the surface at different values of the strain. Without strain, there was a small initial roughness. To quantify the self-affinity of the evolving roughness profile, we calculated the surface roughness at different magnifications. This is shown in Figure 4 for several different strain values. The slope of the curves gives the Hurst exponent of the roughness. The surface had an initial non-vanishing roughness and self-affinity. While initially the melt was confined by flat walls, it shrunk as it cooled, and the walls were far away from the final surfaces. The cooling down of the melt already produced self-affine roughness on the surface. Similar behaviour has also been observed in atomic-scale simulations of other glassy materials [7].



In Figure 5, we show how the Hurst exponent develops with the strain. It clearly increases gradually but does not reach a plateau. This is qualitatively different from what has been found for metallic materials [9], where the Hurst exponent levels off around strain 0.1 and converges to a value around 0.4. This qualitatively different behaviour must be related to the qualitatively different dynamical and structural properties of the polymer. This could lead to time-dependent structure changes, combined with the critical slowdown of equilibration due to glassiness, which would not appear in metallic systems. In order to investigate this further, we analysed the structure of the polymer in our simulations. This will allow us to draw conclusions about polymers in general, beyond what happens in just PVA.



We first characterised the structure using the radial distribution function (RDF), which is shown in Figure 6. The large peak around 1.0 corresponds to the bonds inside the polymer chain and was not changed significantly during compression, as we did not allow for bond breaking. At shorter distances, around 0.9, there was a shoulder that resulted from non-bonded monomers approaching each other quite closely. This increased in height with increasing strain. Correspondingly, the density decreased at the slightly longer distances in the range of   1.1  σ 0   –  1.4  σ 0   . Further out, there was an increase. However, the peaks remained in place and were qualitatively similar. These changes in the RDF are indicative of distortion in the material but not any dramatic structural changes.



As our compression was anisotropic, it is possible that anisotropic structural changes may appear that would not be picked up in the RDF. We therefore investigated anisotropy by considering the mean component of the monomer–monomer bonds in the z direction. This is shown in Figure 7.



We can see that close to the surface, from the beginning, the chains tend to be aligned parallel to the surface, as expected. Before compression, in the bulk, the average z component was around 0.47, which is close to the value expected from purely random directions,   1 2  . The small difference was likely due to the finite size of our sample and the long-range effects of the boundaries. The average z component of the bonds increased during the compression, indicating that there is a vertical reorientation of the chains. These results clearly indicate that the polymer, once compressed, is no longer isotropic.



Now that we have established that there is distortion of the structure in the polymer, we consider the dynamics in more detail. Deformation of materials can generally be described as a combination of elastic (reversible) and plastic (irreversible). In polymers, elastic deformation can be quite large, unlike in metals, where, for large deformations, plasticity dominates. We investigated this in our system through the nodal displacement (see Section 2.3), which describes how many monomers have left their original environment of neighbouring particles.



Figure 8 shows the distribution of nodal displacements for different strains. We can see that the nodal displacements increased during the compression and especially that bigger displacements become much more likely for larger strains. An important point to notice in this plot is that the tails of the distributions are exponential for all strains shown. This means that on the length scale of our simulations, there is no power-law distribution of rearrangements. This further indicates that different mechanisms are at play in our system on different scales, rather than a single mechanism that acts on all length scales, which would produce scale-free behaviour in the form of a power-law. We suspect that on small scales, rearrangements of single monomers are dominant, while the length of the polymers and size of the crystal grains become important on larger scales.



One obvious distinction between displacement mechanisms that occur in this system, but not to the same degree in metallic systems, is the combination of significant elastic and plastic deformation. We can quantify the contributions from the different mechanisms through the magnitude of the nodal displacements. Elastic deformation would distort the neighbourhood but not remove monomers from their neighbourhoods. High nodal displacements are therefore related to plasticity, while low nodal displacements indicate that the distortion is elastic. We considered a node plastically displaced if the nodal displacement exceeds   1.5  σ 0    over a change in total strain of 0.0375, i.e., enough to have left the energy minima in the non-bonded potential of their neighbours.



Figure 9 shows the fraction of neighbour pairs that have been displaced plastically, as a function of the strain. At the beginning of the compression, there was almost no irreversible plastic deformation, i.e., all deformation was elastic. Then, there was a transition where plastic deformation started to appear around 0.08 strain. At large strains, more than 70% of the monomers are part of plastic deformation. Plastic flow has taken over.



To investigate if the nature of the plasticity changed significantly during the compression, we considered the shape of the distribution of nodal displacements. We rescaled the nodal displacement and distribution shown in Figure 8 by a scale factor  α  that is linear in the strain. We obtained this linear function by considering the nodal displacements corresponding to the maximum in the PDF and fitting a linear function, which gives   14.667 × ϵ + 0.33  . The result is shown in Figure 10. For the most common displacements, the curves fall neatly on top of each other. However, the curve for the small strain is different from the others, as expected from the fact that at small strains, elastic deformation dominates, while at larger strains, both elastic and plastic deformation occur.



Finally, we considered the time scale of the dynamics of rearrangements and changes inside the material and how they affect the roughness. While we cannot probe significantly different strain rates due to limitations in available computing power, we can explore the time scales by allowing a strained substrate to relax without further compression and observing changes in the roughness over time. We stopped the compression at a strain of 0.372. We then ran the simulation with a constant box size for 7.5 ns. A comparison of the roughness before and after is shown in Figure 11. We could observe a decrease in the surface roughness at high magnification and an increase at low magnification. This suggests that there are dynamic processes still going on at the surface or inside the bulk of the material on all length scales. Since there was nothing special about the strain of 0.372, we expected that similar behaviour would appear if we stopped the compression earlier or later.




4. Discussion


It is clear from our results that the polymer in our simulations does not produce self-affine roughness in the same way that metallic materials do. Unlike in the case of metals, under compression, the Hurst exponents of our polymer surfaces did not converge to a constant value. This means that the nature of the roughness continued to change.



In order to understand the reasons for this behaviour and to be able to draw general conclusions, we investigated this difference in more detail through a number of indicators of structure. As the material is compressed, we observed changes in structural properties, such as the radial distribution function and the average alignment of bonds. These structural properties continued to change and did not reach a plateau. This indicates that the material itself continues to change, and therefore it is not surprising that mechanical properties such as the distribution of rearrangements also continue to change during further compression, which in turn can affect the formation of the surface roughness.



A crucial difference between metals and polymers that plays a role here is the visco-elasticity. The elastic deformation of the polymer in our simulations was significant compared to the total strain, which means that even at high strain, when plastic strain dominates completely in metals, there is residual elastic strain in our polymer. This combination of elastic and plastic strain shifts during the compression, giving a strain-dependence to the mechanical properties.



We also considered the rearrangements in the structure that occurred during the compression. In general, a power-law distribution of rearrangements would be expected to be linked to avalanches in rearrangements [20,21,22], as well as self-affine roughness profiles [9]. We therefore investigated the displacement of monomers from their environment. While we would not expect long-range power-law behaviour here, due to the finite size of our simulation box, we did not observe any power-law at all (see Figure 10). This may be related to the fact that the displacements are in fact within the length of the polymer, and any power-law rearrangements would have to include the entire chain.



Finally, we consider the dynamics. Our polymer was glassy, which means that dynamics may occur on very long time scales. In the simulation where we stopped compressing, the material continued to change, reducing the roughness on small length scales while also increasing it on longer length scales. It may be that small-scale surface flow is occurring, which smooths out the surface. Meanwhile, large, long-time glassy rearrangements in the bulk material could be producing higher roughness on larger scales. Hinkle et al. [9] observed a temperature dependence of the emerging Hurst exponent in their simulations of metallic glasses, which also suggests dynamic (thermal) relaxation effects.



It would be extremely desirable to compare our results to experiments on materials surfaces during compression. However, to our knowledge, such experiments are not yet being performed anywhere. We hope that our simulation results, and those of Hinkle et al., will stimulate experimental investigations of the emergence of roughness on atomic scales.



From all of the above, it is clear that some of the remaining questions about this system could be resolved if we could significantly increase the size of our simulation box. We are however limited in the length scales that we can achieve, due to limitations in computational power. The simulations we presented in this work contained 10 million coarse-grained particles, and the full compression takes around 0.2 million CPUcore hours to run. An order of magnitude larger range of length scales would require a larger simulation box, with three orders of magnitude more particles, which would become prohibitively computationally expensive. Similarly, repeating these simulations for a number of other polymers would be computationally very expensive as well, especially since many polymers have electrostatic interactions, which by their long-range nature slow down simulations considerably.




5. Conclusions


We investigated the emergence of roughness and its scale invariance in polymers using molecular-dynamics simulations, by compressing a large slab of material. We found qualitative differences when compared to metals. The Hurst exponent, which quantifies the self-affinity, continues to change with increasing strain. We attributed this to the visco-elastic properties of the polymer combined with structural changes in the material, such as anisotropy resulting from anisotropic stresses. We further investigated the structural changes and dynamics during compression. We found, in addition, that there are long time scales involved in the dynamics, and the roughness continued to evolve when the compression was stopped.







Author Contributions


Conceptualization, A.S.d.W.; methodology, R.V. and A.S.d.W.; software, R.V.; validation, R.V. and A.S.d.W.; formal analysis, R.V.; investigation, R.V.; resources, A.S.d.W.; data curation, R.V. and A.S.d.W.; writing—original draft preparation, R.V. and A.S.d.W.; writing—review and editing, R.V. and A.S.d.W.; visualization, R.V.; supervision, A.S.d.W.; project administration, A.S.d.W. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Research Council of Norway (NFR) grant number 259869. Sigma2 provided computation power (project NN9573K).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


We acknowledge NTNU and Sigma2 (project NN9573K) for providing the computational power. This work was funded by the Research Council of Norway (NFR) grant number 259869. We are grateful to Sergio Armada for his support and discussions.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Yang, C.; Tartaglino, U.; Persson, B. Influence of surface roughness on superhydrophobicity. Phys. Rev. Lett. 2006, 97, 116103. [Google Scholar] [CrossRef]

	



Renard, F.; Candela, T.; Bouchaud, E. Constant dimensionality of fault roughness from the scale of micro-fractures to the scale of continents. Geophys. Res. Lett. 2013, 40, 83–87. [Google Scholar] [CrossRef]

	



Bonamy, D.; Bouchaud, E. Failure of heterogeneous materials: A dynamic phase transition? Phys. Rep. 2011, 498, 1–44. [Google Scholar] [CrossRef]

	



Kirkby, M.J. The fractal geometry of nature. Benoit B. Mandelbrot. W. H. Freeman and co., San Francisco, 1982. No. of pages: 460. Earth Surf. Process. Landf. 1983, 8, 406. [Google Scholar] [CrossRef]

	



Sayles, R.S.; Thomas, T.R. Surface topography as a nonstationary random process. Nature 1978, 271, 431–434. [Google Scholar] [CrossRef]

	



Alava, M.J.; Nukala, P.K.; Zapperi, S. Statistical models of fracture. Adv. Phys. 2006, 55, 349–476. [Google Scholar] [CrossRef]

	



Zhang, Z.; Ispas, S.; Kob, W. Roughness and Scaling Properties of Oxide Glass Surfaces at the Nanoscale. Phys. Rev. Lett. 2021, 126, 066101. [Google Scholar] [CrossRef]

	



Déprés, C.; Robertson, C.; Fivel, M. 3D Discrete Dislocation Dynamics Investigations of Fatigue Crack Initiation and Propagation. AerospaceLab 2015, 1–8. [Google Scholar] [CrossRef]

	



Hinkle, A.R.; Nöhring, W.G.; Leute, R.; Junge, T.; Pastewka, L. The emergence of small-scale self-affine surface roughness from deformation. Sci. Adv. 2020, 6, eaax0847. [Google Scholar] [CrossRef]

	



Wouters, O.; Vellinga, W.; Van Tijum, R.; De Hosson, J.T.M. On the evolution of surface roughness during deformation of polycrystalline aluminum alloys. Acta Mater. 2005, 53, 4043–4050. [Google Scholar] [CrossRef]

	



Becker, R. Effects of strain localization on surface roughening during sheet forming. Acta Mater. 1998, 46, 1385–1401. [Google Scholar] [CrossRef]

	



Sandfeld, S.; Zaiser, M. Deformation patterns and surface morphology in a minimal model of amorphous plasticity. J. Stat. Mech. Theory Exp. 2014, 2014, P03014. [Google Scholar] [CrossRef]

	



De Wijn, A. Why surface roughness is similar at different scales. Nature 2020, 578, 366–367. [Google Scholar] [CrossRef] [PubMed]

	



Persson, B.N.J. Theory of rubber friction and contact mechanics. J. Chem. Phys. 2001, 115, 3840–3861. [Google Scholar] [CrossRef]

	



Klüppel, M.; Heinrich, G. Rubber Friction on Self-Affine Road Tracks. Rubber Chem. Technol. 2000, 73, 578–606. [Google Scholar] [CrossRef]

	



Vacher, R.; de Wijn, A.S. Nanoscale simulations of wear and viscoelasticity of a semi-crystalline polymer. Tribol. Lett. 2021, 69, 15. [Google Scholar] [CrossRef]

	



Meyer, H.; Müller-Plathe, F. Formation of Chain-Folded Structures in Supercooled Polymer Melts Examined by MD Simulations. Macromolecules 2002, 35, 1241–1252. [Google Scholar] [CrossRef]

	



Plimpton, S. Fast parallel algorithms for short-range molecular dynamics. J. Comput. Phys. 1995, 117, 1–19. [Google Scholar] [CrossRef]

	



Hurst, H.E. Long-term storage capacity of reservoirs. Trans. Am. Soc. Civ. Eng. 1951, 116, 770–799. [Google Scholar] [CrossRef]

	



Dahmen, K.A.; Ben-Zion, Y.; Uhl, J.T. Micromechanical Model for Deformation in Solids with Universal Predictions for Stress-Strain Curves and Slip Avalanches. Phys. Rev. Lett. 2009, 102, 175501. [Google Scholar] [CrossRef]

	



Kloster, M.; Hansen, A.; Hemmer, P.C. Burst avalanches in solvable models of fibrous materials. Phys. Rev. E 1997, 56, 2615–2625. [Google Scholar] [CrossRef]

	



Vollmayr-Lee, K.; Baker, E.A. Self-organized criticality below the glass transition. EPL (Europhys. Lett.) 2006, 76, 1130. [Google Scholar] [CrossRef]








[image: Materials 14 07327 g001 550] 





Figure 1. Coarse-grained model for polyvinyl alcohol (PVA) (C   2  H   4  O)   x  . Red atoms are oxygen; dark gray are carbon; and light gray are hydrogen. One green circle represents one coarse-grained particle that replaces the group of atoms C   2  H   4  O. Each monomer contains two carbons from the backbone. The model has harmonic stretching and bending provided in tabular form. 
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Figure 2. Polymer substrate after the cooling process and before compression. The colours represent different chains of the polymer. The simulation box had periodic boundary conditions in the x and y direction, with, initially, a length of 83 nm. It was extended in the z direction. Initially, the height of the slab was about 95 nm. Once we obtained this sample, we compressed it in the x and y directions, and it expanded in z, while becoming rougher. 
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Figure 3. Snapshots of the surface during the biaxial compression, for (a) no strain, (b)   ϵ = 0.154  , and (c)   ϵ = 0.304  . (d) is the colour scale. The colour represents the height of the surface particles compared to the highest one. The same colour scale was used of   12  σ 0    between red and blue. As the sample is compressed, the surface area becomes smaller and the roughness increases. 
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Figure 4. Log-log plot of the roughness versus magnification for different strains. The Hurst exponent is the exponent of the power-law dependence. High compression leads to higher roughness as well as an increase in the Hurst exponent. Details on how the roughness was calculated and how the magnification was defined can be found in Section 2.2. 
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Figure 5. The Hurst exponent of the surface roughness of the compressed polymer sample as a function of the strain. The Hurst exponent continued to increase with increasing strain, rather than levelling off to a constant value, as it has been shown to do in metallic materials [9]. The dashed lines are here to underline the values of the Hurst exponent at different strains. 
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Figure 6. Radial distribution function of the monomers for three different values of the strain, as a measure of the internal structure in the material. There were quantitative differences in the height of the peaks for the different strains, but there were no qualitative structural changes. 
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Figure 7. Average normalized component of the bond in the z direction as a function of the z position in the slab relative to the highest particle, for three different strains. As the sample is deformed the bonds become more anisotropic, aligning with the direction that is stretching. 
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Figure 8. The probability distribution function of the relative displacements of monomers for several different values of the strain. The vertical line represents the limit displacement at which a pair of monomers are considered to have been plastically displaced. 
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Figure 9. Relative plasticity, i.e., the fraction of monomer pairs that displayed plastic local changes. We defined plasticity in terms of the change in distance between monomers. The change in distance was recorded between two states with a 0.0375 difference in strain. A pair of monomers was considered to have moved plastically if the change in the distance between them is more than   1.5  σ 0   . 
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Figure 10. Rescaled PDF vs rescaled nodal distance presented in a semi-log plot. The scaling parameter was linear in the strain and obtained from a linear fit (see inset) of the ratio of the nodal displacements corresponding to the maximum in the PDF,   14.667 × ϵ + 0.33  . For large strains, the tail of the distribution was exponential, indicating that the mechanism involved acts on a limited length scale. 
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Figure 11. Roughness versus magnification when the compression was stopped at a strain of   ϵ = 0.372  . The blue curve corresponds to the moment when the compression was stopped, while the orange curve was after 7.5 ns of relaxation. There are changes in the roughness at both high and low magnification. 
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