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Abstract 10 

The effect of corrugated grain boundaries on the frictional properties of extended graphitic contacts 11 

incorporating a polycrystalline surface are investigated. The friction is found to be dominated by 12 

shear induced buckling and unbuckling of corrugated grain boundary dislocations, leading to a 13 

nonmonotonic behavior of friction with normal load and temperature. The underlying mechanism 14 

involves two competing effects, where an increase of dislocation buckling probability is 15 

accompanied by a decrease of the dissipated energy per buckling event. These effects are well 16 

captured by a phenomenological two-state model, that allows for characterizing the tribological 17 

properties of any large-scale polycrystalline layered interface, while circumventing the need for 18 

demanding atomistic simulations. The resulting negative differential friction coefficients obtained 19 

in the high-load regime can reduce the expected linear scaling of grain-boundary friction with 20 

surface area and restore structural superlubricity at increasing length-scales. 21 

 22 
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Introduction 27 

Reduction of energy dissipation and wear is of critical importance and growing demand in a wide 28 

range of areas, including mechanical, electronic, and biological systems. Compared to traditional 29 

lubrication schemes, structural superlubricity, featured as extremely low friction due to the effective 30 

cancellation of lateral forces at incommensurate crystalline contact interfaces, has emerged as a 31 

novel route toward efficient reduction of friction and wear1,2. Recent studies have reported 32 

structural superlubricity in nano- and micro-sized monocrystalline samples of layered materials, 33 

where misoriented lattices3-7 or mismatched lattice constants8-13 facilitate the necessary 34 

incommensurability. However, scaling up structural superlubricity towards macroscopic 35 

dimensions inevitably involves forming junctions between surfaces of polycrystalline nature. 36 

The simplest example of polycrystalline monoatomic two-dimensional (2D) surface is 37 

polycrystalline graphene (PolyGr), which is composed of randomly shaped and oriented single 38 

crystalline graphene patches separated by sharp grain boundaries (GBs). The latter, are 39 

characterized by chains of lattice dislocations often including pentagon-heptagon pairs14. Since the 40 

friction between misaligned graphitic patches is known to be negligibly small3, one could expect 41 

that superlubricity would prevail also in large-scale PolyGr interfaces, pending that the patch 42 

dimensions remain in the nanoscale. However, PolyGr GBs often exhibit out-of-plane 43 

corrugation15-17, that may introduce substantial friction18-20 and enhance wear21. To control and 44 

eliminate such undesired effects one must fully understand the mechanisms underlying energy 45 

dissipation at elongated graphene GBs. This, in turn, requires elucidating collective effects between 46 

different topological defects along the GBs under persistent shear. 47 

Here, we reveal that collective dynamic effects at PolyGr GBs lead to unusual nonmonotonic 48 

variation of the friction with normal load and temperature. Notably, at room temperature or above 49 

we find a monotonic decrease of friction with the external normal load for the systems considered, 50 

resulting in negative differential friction coefficients. The discovered phenomenon is of general 51 

nature and is expected to occur in other polycrystalline layered materials that demonstrate out-of-52 

plane GB deformations. Moreover, the knowledge gained in this study may provide insights 53 

regarding universal mechanisms of energy dissipation appearing in extended multi-contact rough 54 

interfaces, where the formation and rupture of contacts dictates the static and kinetic friction22-27. 55 
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Results 56 

Our model system for studying the friction over extended graphene GBs is shown in Fig. 1a. From 57 

top to bottom, the system consists of a slider composed of three Bernal stacked pristine graphene 58 

(PrisGr) layers orientated at θ0 = 38.2°, a layer of PolyGr including two patches with orientation 59 

angles of θ1 = 0° (left and right parts of the supercell, see Fig. 1b) and θ2 = 8° (middle section of 60 

the supercell, see Fig. 1b), and a substrate consisting of two Bernal stacked PrisGr layers with 61 

orientation angle θ3 = 0°. All orientation angles are measured between the sliding direction (x axis) 62 

and the armchair direction of the lattice of the relevant layer. The PolyGr layer contains two GBs 63 

composed of lines of separated pentagon-heptagon pair dislocations along the GB (y axis) direction 64 

(Fig. 1b). The dislocations introduce in-plane strain to the otherwise hexagonal lattice, which is 65 

partially relieved via out-of-plane deformations18. The average corrugation of the free surface 66 

(bottom three layers without the slider) reaches ~1.4 Å, consistent with previous experimental 67 

measurements16. After annealing the entire six layers structure at 1000 K and zero normal load, 68 

most of the dislocations exhibit considerable out-of-plane deformations, protruding upward or 69 

downward as shown in the lower panel of Fig. 1b. Imposing normal load, by adding a uniform force 70 

in the vertical direction to each atom in the top layer, reduces the average corrugation of the 71 

dislocations from 0.5 Å to 0.1 Å as normal load increases from 0 to 1.9 GPa (Fig. 1b). 72 

In the sliding simulations, normal loads up to ~2.3 GPa are applied. The top layer is kept rigid and 73 

is shifted with a constant velocity of 𝑣𝑣0 = 5 m s⁄  in the x direction (Fig. 1d). Since the slider layers 74 

are incommensurate with both PolyGr patches, the shear plane appears at the interface of the third 75 

layer of the slider and the PolyGr layer. The generated heat is removed from both slider and 76 

substrate without affecting the dynamics at the shear interface. See Methods and Supplementary 77 

Note 1 for further details regarding the simulation model and protocols. 78 

The dependence of the interfacial friction between the PrisGr and PolyGr surfaces on the normal 79 

load and temperature are presented in Fig. 2a, b, respectively. Fig. 2a presents the load dependence 80 

of the friction for several temperatures in the range 0 − 300 K. At zero temperature the friction 81 

shows nonmonotonic behavior with load, where an expected friction increase with load is observed 82 

up to ~0.5 GPa followed by friction reduction at higher loads. When the temperature is increased 83 

to 50 K the overall friction increases and the maximal friction point shifts towards lower normal 84 

loads. When the temperature is further increased to 150 K the maximum completely disappears and 85 

the friction reduces monotonically with the normal load exhibiting negative differential friction 86 

coefficients across the entire load range considered13,28. At 300 K a similar behavior is observed 87 
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with overall reduced friction. The differential friction coefficients calculated in this case are 88 

between −1.16 × 10−4 and −8.5 × 10−6. 89 

The friction-temperature relation, shown in Fig. 2b, exhibits similar behavior. At zero normal load, 90 

the friction presents a nonmonotonic curve with a maximum value at T = 150 K. As the normal load 91 

increases, the overall friction force decreases and the position of maximal friction shifts to lower 92 

temperatures.  93 

The nonmonotonic behavior in the friction-load and friction-temperature relations suggests that 94 

there are two competing effects that dictate the overall energy dissipation throughout the sliding 95 

process. To understand the underlying mechanisms, we examine the simple case of friction-load 96 

relation in the absence of thermal effects, i.e. at 𝑇𝑇 = 0 K. Analyzing the energy dissipation routes 97 

by calculating the steady-state dissipation power through the damped layers in different directions 98 

(Fig. 3a) demonstrates that energy dissipation is dominated by out-of-plane atomic motion at the 99 

GBs regions (see Fig. 3a, b and Supplementary Note 3). Based on this understanding we tracked 100 

the vertical motion of the atoms with maximal root-mean-square (RMS) corrugation (calculated as 101 

the time-averaged RMS displacement) in each dislocation during sliding (Fig. 3c). The RMS 102 

corrugation is calculated by temporal averaging the out-of-plane displacements of each atom within 103 

a given dislocation over the entire trajectory. Interestingly, we observe that at zero and 0.6 GPa 104 

normal load several dislocations undergo dynamic snap-through buckling between an upward 105 

protrusion state and a downward protrusion state (top and middle panels in Fig. 3c and 106 

Supplementary Movies 1 and 2), which resembles the dynamics of an arched beam. These dynamic 107 

buckling dislocations correspond to the high energy dissipation sites shown in Fig. 3b and 108 

Supplementary Fig. 6. Notably, for dislocations that do not buckle during sliding, the associated 109 

energy dissipation is very low, comparable to that in the grain areas. This demonstrates that the 110 

surface corrugation of the GB alone does not produce significant dissipation and the snap-through 111 

buckling of dislocations provides the major contribution to the enhanced friction exhibited by GBs 112 

and to the corresponding nonmonotonic frictional dissipation behavior with normal load. 113 

The dynamic snap-through buckling phenomenon indicates that the GB dislocations exhibit bi-114 

stable behavior characterized by the upward and downward protruding states separated by transition 115 

energy barriers. An estimate of the corresponding barrier heights can be obtained by considering 116 

the thermally activated dislocation buckling process in the absence of sliding. To this end, we 117 

performed room temperature (𝑇𝑇 = 300 K) equilibrium molecular dynamic simulations of the six-118 

layered model system presented in Fig. 1, without applying any shear force. During the dynamics, 119 

we followed the z coordinate of the atom with largest RMS corrugation in the dislocation region. A 120 
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typical example of such an atomic trajectory is presented in the inset of Fig. 4a showing clear 121 

evidence of a mechanical bistability. The buckling Helmholtz free-energy29, 𝐴𝐴(Δ𝑧𝑧), profile can be 122 

extracted from such trajectories by evaluating the probability density distribution, 𝜌𝜌(Δ𝑧𝑧), of finding 123 

this atom at a displacement of Δ𝑧𝑧 away from the average height of the two PolyGr layer grains, and 124 

substituting it in the relation 𝐴𝐴(Δ𝑧𝑧) = −𝑘𝑘𝐵𝐵𝑇𝑇ln[𝜌𝜌(Δ𝑧𝑧)], where 𝑘𝑘𝐵𝐵 is the Boltzmann constant. From 125 

this profile the snap-through buckling process barrier heights can be readily extracted (see e.g. ∆𝐸𝐸b 126 

and ∆𝐸𝐸u in Fig. 4a). We note that the transition energy barriers obtained from this method compare 127 

well with those obtained using nudged elastic band (NEB) calculations (see Supplementary Note 128 

5). The corresponding distribution of dislocation barriers appears in Fig. 4b. Notably, by performing 129 

the same analysis under an external normal load we find that, along with the reduction of the spatial 130 

corrugation of the dislocations (Fig. 1c), the average transition energy barrier between the upward 131 

and downward protruding states and the number of dislocations with substantial barrier reduce as 132 

well (Fig. 4c). Furthermore, we find a positive correlation between the transition energy barrier for 133 

(un)buckling of a given GB dislocation and its out-of-plane corrugation (Fig. 4d). 134 

This analysis allows us to identify the competing effects leading to the nonmonotonic friction 135 

dependence on normal load appearing in Fig. 2a. At zero temperature (𝑇𝑇 = 0 K) the snap-through 136 

bi-stability can be triggered by the sliding process via two main effects: (i) variation of the snap-137 

through barrier along the scan-line; and (ii) shear-force induced out-of-plane motion of atoms in 138 

the dislocation region. At zero normal load, only a few shear-induced buckling events occur (see 139 

top panel in Fig. 3c and Supplementary Movie 1) due to the relatively high energy barriers with 140 

respect to the kinetic energy of the dislocation atoms. However, once triggered, each snap-through 141 

event generates a large kinetic energy pulse (see top panel in Fig. 3d) that dissipates through inter- 142 

and intralayer interactions. Increasing the normal load to 0.6 GPa results in a reduction of the 143 

transition energy barriers and hence an increase in the fraction of buckling dislocations (see middle 144 

panel in Fig. 3c and Supplementary Movie 2). This, in turn, leads to more frequent kinetic energy 145 

pulses (see middle panel in Fig. 3d), consistent with the observed enhancement in the out-of-plane 146 

energy dissipation and friction (upward facing blue triangles in Fig. 3a). When the normal load is 147 

further increased to 1.9 GPa, the barrier height becomes comparable to the kinetic energy of the 148 

dislocation atoms and the transition between upward and downward protruding states occurs 149 

smoothly (showing no abrupt kinetic energy pulses, see bottom panel in Fig. 3d) with lower 150 

amplitude and little energy dissipation (see bottom panel in Fig. 3c and Supplementary Movie 3). 151 

This results in reduced out-of-plane dissipation and friction as seen in Fig. 3a at this load. A similar 152 

behavior is obtained at a higher temperature of 𝑇𝑇 = 50 K, however with a downshift of the friction 153 
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maximum due to thermal activation of the buckling process (see Fig. 2a and Supplementary Movie 154 

4). At even higher temperatures of 𝑇𝑇 = 150 K and 300 K, most of the dislocations buckle already 155 

at zero normal load and the friction force decreases monotonically with increasing load due to the 156 

reduction of the transition energy barriers (see Fig. 2a and Supplementary Movies 5 and 6). 157 

Next, consider the nonmonotonic friction dependence on temperature (Fig. 2b). At low 158 

temperatures (𝑇𝑇 < 150 K) and in the absence of normal load, thermal fluctuation can assist 159 

overcoming the transition energy barriers for buckling during sliding, activating more dislocations 160 

to buckle and increasing their snap-through frequency (see Supplementary Note 4 and 161 

Supplementary Movie 4). Since each such event is accompanied by a sharp kinetic energy 162 

dissipation pulse, the overall friction increases. As the temperature further increases, the thermal 163 

energy, 𝑘𝑘𝐵𝐵𝑇𝑇, becomes comparable to the energy barrier heights, leading to frequent spontaneous 164 

buckling of dislocations between the two states (see Supplementary Note 4 and Supplementary 165 

Movie 6). Correspondingly, less energy is invested by the sheared slider to induce dislocation 166 

buckling, and the friction reduces. Therefore, we conclude that the nonmonotonic friction-167 

temperature relation stems from two competing effects, i.e. thermally assisted shear-induced 168 

buckling vs. thermally dominated spontaneous buckling. A similar behavior is obtained at higher 169 

normal loads, however the corresponding reduced barriers result in lower overall friction and a 170 

downshift of the friction maximum (Fig. 2b). 171 

To evaluate the general nature of this frictional behavior we considered also a PolyGr surface of a 172 

smaller GB misfit angle of θ2 = 2.5° that exhibits higher GB corrugation than the θ2 = 8° case. We 173 

find that the overall qualitative dependence of the friction on the normal load and temperature is 174 

preserved with some quantitative modifications due to the increased barrier heights (see Fig. 2a and 175 

Supplementary Note 6). 176 

We note that the similar nonmonotonic behaviors of the friction with normal load and with 177 

temperature, presented in Fig. 2a, b, are not coincidental. In the load-dependence case, the thermal 178 

energy remains constant and the barrier heights are varied relative to it upon changing the external 179 

load, whereas, in the temperature-dependence case the thermal energy is varied with respect to the 180 

barrier heights by controlling the target temperature of the thermostats. The overall net effect is 181 

very similar. 182 

The dominance of the bi-stability mechanism on the frictional properties of the GBs allows us to 183 

provide a simple and intuitive description of the tribological properties of this involved system. 184 

This is achieved by mapping the complex out-of-plane buckling dynamics onto a simple two-state 185 

model, associated with the upward and downward protruding states of a single dislocation, which 186 
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are separated by a transition energy barrier (TEB, see Fig. 4a), ∆𝐸𝐸𝑛𝑛(𝜎𝜎), 𝑛𝑛 being the dislocation 187 

number. Based on our simulation results, we introduce the following assumptions: (i) the 188 

distribution of TEBs corresponding to different dislocations is uniform within a given range (Fig. 189 

4b); (ii) the reduction of the TEB of any given dislocation with the normal load is approximately 190 

linear (Fig. 4c); and (iii) the TEB of all dislocations depend on the relative position, 𝑥𝑥, of the 191 

interfacing layers at the sliding contact, such that ∆𝐸𝐸𝑛𝑛(𝜎𝜎) → ∆𝐸𝐸𝑛𝑛(𝑥𝑥,𝜎𝜎). The latter assumption 192 

results from the variation of the Pauli repulsions experienced by the two interfacing layers as their 193 

hexagonal lattices slide across each other. Note that ∆𝐸𝐸max𝑛𝑛 (𝜎𝜎) ≥ ∆𝐸𝐸𝑛𝑛(𝑥𝑥,𝜎𝜎) ≥ ∆𝐸𝐸min𝑛𝑛 (𝜎𝜎), where 194 ∆𝐸𝐸max𝑛𝑛 (𝜎𝜎) and ∆𝐸𝐸min𝑛𝑛 (𝜎𝜎) are the maximal and minimal buckling TEB heights encountered along 195 

one period of the sliding path, set by the hexagonal lattice periodicity of the pristine lower surface 196 

of the slider. 197 

Considering first the zero-temperature case, for a given normal load, 𝜎𝜎, buckling will occur only in 198 

dislocations for which the TEB vanishes along the sliding path, ∆𝐸𝐸min𝑛𝑛 (𝜎𝜎) = 0. The energy 199 

dissipated once buckling occurs equals the energy invested to induce the buckling, which in turn, 200 

is given by the maximal TEB height along the sliding path, ∆𝐸𝐸max 
𝑛𝑛 (𝜎𝜎). As stated above, the TEBs 201 

are assumed to reduce linearly with the normal load such that: 202 

 �∆𝐸𝐸min 
𝑛𝑛 (𝜎𝜎) = ∆𝐸𝐸min 

𝑛𝑛 (0) − 𝛼𝛼1𝜎𝜎∆𝐸𝐸max 
𝑛𝑛 (𝜎𝜎) = ∆𝐸𝐸max 

𝑛𝑛 (0) − 𝛼𝛼2𝜎𝜎. (1) 203 

The slopes, 𝛼𝛼𝑖𝑖, and ∆𝐸𝐸𝑛𝑛(0) can be estimated from our simulation results (Fig. 4c). The average 204 

load dependent friction force can then be estimated as follows: 205 

 𝐹𝐹𝑓𝑓(𝜎𝜎) =  ∑ ∆𝐸𝐸max𝑛𝑛 (𝜎𝜎)Δ𝑥𝑥 �1 − 𝐻𝐻�∆𝐸𝐸min𝑛𝑛 (𝜎𝜎)��𝐻𝐻�∆𝐸𝐸max𝑛𝑛 (𝜎𝜎)�𝑁𝑁𝑛𝑛 . (2) 206 

Here, ∆𝐸𝐸max𝑛𝑛 (𝜎𝜎) Δ𝑥𝑥⁄  is the average friction force induced by the buckling of the 𝑛𝑛𝑡𝑡ℎ dislocation, 207 

calculated as the dissipated energy per period, the first Heaviside step function 𝐻𝐻(𝑥𝑥) takes into 208 

account that at zero temperature only dislocations of vanishing TEB buckle, the second Heaviside 209 

function assures that unphysical negative TEB values are not considered, and the sum runs over all 210 𝑁𝑁 dislocations. Eq. (2) demonstrates that the nonmonotonic friction dependence on external load 211 

originates from two competing effects: (i) the increase of number of active dislocations 212 

(dislocations with vanishing ∆𝐸𝐸min𝑛𝑛 (𝜎𝜎)) with normal load; and (ii) decrease of the dissipated energy 213 

per buckling event �∆𝐸𝐸max𝑛𝑛 (𝜎𝜎)�. 214 
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For simplicity, the sum appearing in Eq. (2) can be approximated via integration. To this end, we 215 

further assume that there is a linear relation between the maximal and minimal values of the TEB 216 

along a sliding period at zero normal load: 217 

 ∆𝐸𝐸min𝑛𝑛 (0) = 𝛽𝛽∆𝐸𝐸max𝑛𝑛 (0) − 𝑐𝑐0 (3) 218 

Together with Eq. (1) this yields the following relation between the maximal and minimal values 219 

of the TEB along a sliding period at any finite normal load, 𝜎𝜎: 220 

 ∆𝐸𝐸min𝑛𝑛 (𝜎𝜎) = 𝛽𝛽∆𝐸𝐸max𝑛𝑛 (0) − 𝛼𝛼1𝜎𝜎 − 𝑐𝑐0 = 𝛽𝛽∆𝐸𝐸max𝑛𝑛 (𝜎𝜎) − 𝑐𝑐0 − (𝛼𝛼1 − 𝛼𝛼2𝛽𝛽)𝜎𝜎. (4) 221 

With this, we may approximate Eq. (2) as follows: 222 

 𝐹𝐹𝑓𝑓(𝜎𝜎) ≈ 𝑁𝑁∫ ∆𝐸𝐸max(𝜎𝜎)Δ𝑥𝑥 �1 − 𝐻𝐻�∆𝐸𝐸min(𝜎𝜎)��𝐻𝐻�∆𝐸𝐸max(𝜎𝜎)�𝑃𝑃𝑏𝑏�∆𝐸𝐸max(0)�d∆𝐸𝐸max(0), (5) 223 

where we introduced the probability density distribution of the TEB heights 𝑃𝑃𝑏𝑏�∆𝐸𝐸max(0)� 224 

(assumed to be normalized to 1) and used the fact that d∆𝐸𝐸max(0) = d∆𝐸𝐸max(𝜎𝜎), per Eq. (1). Based 225 

on our simulation results (Fig. 4b), we may approximate the probability distribution 𝑃𝑃𝑏𝑏�∆𝐸𝐸max(0)� 226 

to vanish outside a finite range [Δ𝐸𝐸1,Δ𝐸𝐸2] and be uniform within it. Using this in Eq. (5) and 227 

performing the integral results in the black line appearing in Fig. 2c, which correspond well, both 228 

qualitatively and quantitatively, with the simulation results. 229 

At finite temperatures, buckling is not limited to zero barrier dislocations, and can occur also for 230 

finite barrier dislocations. To account for this, we introduce the survival probability function, 231 𝑝𝑝(𝑡𝑡,𝜎𝜎), that describes the probability of a given dislocation not to buckle up to time 𝑡𝑡, along one 232 

sliding period. Assuming that the dislocations are independent, this can be described as a first-order 233 

rate equation: 234 

 
dd𝑡𝑡 𝑝𝑝(𝑡𝑡,𝜎𝜎) = −𝑓𝑓0𝑒𝑒−∆𝐸𝐸𝑛𝑛(𝑡𝑡,𝜎𝜎)𝑘𝑘𝐵𝐵𝑇𝑇 𝑝𝑝(𝑡𝑡,𝜎𝜎), (6) 235 

where 𝑓𝑓0 is constant, ∆𝐸𝐸𝑛𝑛(𝑡𝑡,𝜎𝜎) is the instantaneous energy barrier along one sliding period. For 236 

sliding at constant velocity, 𝑣𝑣, we may replace the time coordinate with the spatial coordinate using 237 𝑡𝑡 = 𝑥𝑥 𝑣𝑣⁄ , yielding: 238 

 
dd𝑥𝑥 𝑝𝑝(𝑥𝑥,𝜎𝜎) = − 𝑓𝑓0𝑣𝑣 𝑒𝑒−∆𝐸𝐸𝑛𝑛(𝑥𝑥,𝜎𝜎)𝑘𝑘𝐵𝐵𝑇𝑇 𝑝𝑝(𝑥𝑥,𝜎𝜎). (7) 239 

Assuming a linear variation of ∆𝐸𝐸𝑛𝑛(𝑥𝑥,𝜎𝜎) between ∆𝐸𝐸max𝑛𝑛 (𝜎𝜎) and ∆𝐸𝐸min𝑛𝑛 (𝜎𝜎): 240 

 ∆𝐸𝐸𝑛𝑛(𝑥𝑥,𝜎𝜎) = ∆𝐸𝐸max𝑛𝑛 (𝜎𝜎) − 𝑥𝑥∆𝑥𝑥 [∆𝐸𝐸max𝑛𝑛 (𝜎𝜎) − ∆𝐸𝐸min𝑛𝑛 (𝜎𝜎)], (8) 241 

Eq. (6) can be solved analytically, yielding (for an initial condition of 𝑝𝑝(0,𝜎𝜎) = 1): 242 
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 𝑝𝑝(𝑥𝑥,𝜎𝜎) = 𝑒𝑒−𝑐𝑐1(𝜎𝜎)�𝑒𝑒−∆𝐸𝐸𝑛𝑛(𝑥𝑥,𝜎𝜎)𝑘𝑘𝐵𝐵𝑇𝑇 −𝑒𝑒−∆𝐸𝐸max𝑛𝑛 (𝜎𝜎)𝑘𝑘𝐵𝐵𝑇𝑇 �
, (9) 243 

where 𝑐𝑐1(𝜎𝜎) = 𝑓𝑓0𝑘𝑘𝐵𝐵𝑇𝑇∆𝑥𝑥 [∆𝐸𝐸max𝑛𝑛 (𝜎𝜎)− ∆𝐸𝐸min𝑛𝑛 (𝜎𝜎)]𝑣𝑣⁄ . 244 

The probability density distribution of the dislocation to buckle at position x along the sliding path 245 

is given by the corresponding reduction of the survival probability at this point, namely 𝑓𝑓(𝑥𝑥,𝜎𝜎) =246 − d𝑝𝑝(𝑥𝑥,𝜎𝜎) d𝑥𝑥⁄ . With this, the energy dissipated by an individual dislocation due to shear induced 247 

buckling over a full sliding period is given by: 248 

 ∆𝑤𝑤(𝜎𝜎) = ∫ d𝑥𝑥[∆𝐸𝐸max𝑛𝑛 (𝜎𝜎)− ∆𝐸𝐸𝑛𝑛(𝑥𝑥,𝜎𝜎)]𝑓𝑓(𝑥𝑥,𝜎𝜎)𝐻𝐻�∆𝐸𝐸𝑛𝑛(𝑥𝑥,𝜎𝜎)�∆𝑥𝑥0 , (10) 249 

where ∆𝐸𝐸max𝑛𝑛 (𝜎𝜎)− ∆𝐸𝐸𝑛𝑛(𝑥𝑥,𝜎𝜎) is the dissipated elastic energy invested in depressing the dislocation 250 

if it buckles at point 𝑥𝑥 and the Heaviside step function screens unphysical negative barrier heights. 251 

Note that this derivation follows the spirit of the Prandtl-Tomlinson model at finite temperatures30-252 

32. The resulting expression for ∆𝑤𝑤(𝜎𝜎) (see Supplementary Note 7) replaces the term ∆𝐸𝐸max𝑛𝑛 (𝜎𝜎) in 253 

Eq. (5) for the zero-temperature case and the calculation for the friction force proceeds accordingly. 254 

The results of this calculation, appearing in Fig. 2c, d, show good correspondence with the 255 

simulation results, both for the normal load dependence at fixed temperature (Fig. 2c) and for the 256 

temperature dependence at fixed normal load (Fig. 2d). It should be noted that when fitting the 257 

model to the simulation results, the periodicity Δ𝑥𝑥 was chosen to be 10.8 Å, approximately 1/3 of 258 

the period of the bottom PrisGr layer of the slider, reflecting the fact that dislocations may buckle 259 

more than once per sliding period (see Fig. 3c). Therefore, we conclude that the nonmonotonic 260 

frictional dependence on temperature originates from similar competing effects: (i) increase of 261 

buckling probability with temperature; and (ii) decrease in dissipated energy per buckling event 262 

when buckling occurs earlier along the path. The latter results from the fact that thermal fluctuations 263 

assist overcoming the barrier hence less energy needs to be invested (and lost) by the shear process 264 

in order to buckle.  265 

 266 

Discussion  267 

Notably, one of the important assumptions underlying the phenomenological model is the 268 

independence of buckling events occurring at different dislocation centers. The good agreement 269 

that the model achieves with elaborate simulation results of various corrugated GBs indicates the 270 

validity of this assumption for realistic polycrystalline surfaces. This suggests that the frictional 271 

dissipation of corrugated GBs should be proportional to their overall length that, in turn, grows 272 

linearly with the overall contact area, 𝑆𝑆tot. To demonstrate this, we note that the perimeter of an 273 
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individual grain, i.e. the length of its GB, 𝐿𝐿grain, is proportional to the square root of its surface 274 

area. Marking 𝑃𝑃(𝑆𝑆) as the probability density function of obtaining a grain of area 𝑆𝑆, the average 275 

grain area is given by 𝑆𝑆g̅rain = ∫𝑃𝑃(𝑆𝑆)𝑆𝑆d𝑆𝑆 and the corresponding average boundary length per grain 276 

is 𝐿𝐿�grain ∝ ∫𝑃𝑃(𝑆𝑆)√𝑆𝑆d𝑆𝑆. The average number of grains is therefore given by 𝑁𝑁grain = 𝑆𝑆tot 𝑆𝑆g̅rain⁄ , 277 

yielding an average overall GB length of 𝐿𝐿tot ∝ 𝜁𝜁𝑁𝑁grain𝐿𝐿�grain = 𝜁𝜁�𝐿𝐿�grain 𝑆𝑆g̅rain� �𝑆𝑆tot, which is 278 

proportional to 𝑆𝑆tot for any reasonable distribution of grain areas. Here, 𝜁𝜁 is a constant pre-factor 279 

of 𝑂𝑂(1) accounting for overlapping boundaries of adjacent grains. Given this length scaling, the 280 

friction coefficient under a given normal pressure, 𝜎𝜎, will be proportional to the GB length per unit 281 

area: 𝜇𝜇 ∝ 𝐿𝐿tot 𝑆𝑆tot⁄ ∝ 𝜁𝜁�𝐿𝐿�grain 𝑆𝑆g̅rain� �. This stems from the fact that the friction coefficient is 282 

defined as the ratio between the friction and normal forces, 𝜇𝜇 = 𝐹𝐹𝑓𝑓 𝐹𝐹𝑁𝑁⁄ , where 𝐹𝐹𝑓𝑓 ∝ 𝐿𝐿tot and 𝐹𝐹𝑁𝑁 =283 𝑆𝑆tot𝜎𝜎. 284 

Aiming to scale-up structural superlubricity in layered material interfaces implies the inevitable 285 

appearance of GBs at the sliding interface. As shown above, the scaling of their dissipative 286 

contribution with contact area is stronger than the sublinear scaling found for pristine 287 

incommensurate layered contacts33,34. Nevertheless, the predicted nonmonotonic frictional 288 

dependence on normal load and temperature leads to negative differential friction coefficients at 289 

the high normal load regime. This, in turn, opens the way to achieve large-scale superlubricity by 290 

reducing the excess friction associated with each GB. The underlying mechanism, which is valid 291 

for any corrugated polycrystalline layered interface, involves two competing effects: an increase of 292 

buckling probability accompanied by a decrease of the dissipated energy per buckling event with 293 

normal load and/or temperature. This mechanism is quite different from simple steric hindrance 294 

considerations induced by rigid corrugated obstacles35. For incommensurate contacts, the 295 

contribution of flat GB geometries (where buckling events are absent) to the overall friction is 296 

small, as their tribological properties resemble those of a pristine interface. Therefore, the 297 

phenomenological model developed herein can serve as an efficient tool to characterize the 298 

frictional properties of complex interfaces consisting of involved GB geometries, as long as friction 299 

is dominated by buckling events. This may help reducing the dependence on explicit demanding 300 

simulations of large-scale polycrystalline mosaic interfaces and focus computational efforts on 301 

understanding specific microscopic mechanisms of interest. 302 

 303 

Methods 304 

The structure of the PolyGr layer is generated using a Voronoi tessellation method developed by 305 

Shekhawat36,37, which introduces minor strain effect (see Supplementary Note 1 for details). 306 
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Periodic boundary conditions are applied for all six layers along both lateral directions. The 307 

intralayer and interlayer interactions are modeled with the second-generation reactive empirical 308 

bond order (REBO) potential38 and the registry-dependent interlayer potential (ILP)39-43 with the 309 

refined parameters43 that is accurate also in the high pressure regime44, respectively. All simulations 310 

were performed using the LAMMPS package45. 311 

To remove the heat accumulated during sliding, velocity damping with a damping coefficient of 312 

1.0 ps-1 is applied to the relative velocities (with respect to the velocity of the rigid top slider layer) 313 

of each atom in the second layer from top (slider) and to the velocities of each atom in the fifth 314 

layer from top (substrate). For finite temperature simulations, Langevin thermostats (rather than 315 

mere viscous damping) are employed. This mimics the energy dissipation channels (via coupling 316 

to implicit external heat baths) through both slider and substrate in experiments, with minor effect 317 

on the dynamics of the two layers at the shear plane. In addition, in order to dampen vertical stage 318 

oscillations, velocity damping with same damping coefficient of 1.0 ps-1 is also applied to the 319 

vertical velocities of the atoms in the top slider layer46. See Supplementary Note 1 for further details 320 

regarding the simulation model and protocols. 321 

 322 

 323 
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Figures 444 

 445 

Fig. 1. Molecular dynamics simulation model and setup. a A perspective view of the model 446 

system. From top to bottom, the system contains three layers of Bernal stacked pristine graphene 447 

(red spheres) with orientation angle θ0 = 38.2°, one layer of polycrystalline graphene (pink and cyan 448 

spheres) with orientation angles θ1 = 0° and θ2 = 8° for the two patches in the layer, and two layers 449 

of pristine graphene (grey spheres) with orientation angle θ3 = 0°. The dark red and grey colored 450 

spheres indicate the rigid top layer and the fixed bottom layer atoms, respectively. Periodic 451 

boundary conditions are applied along both lateral directions. b The atomic structure and annealed 452 

topography of the polycrystalline graphene layer within the stack. The lower panel shows the 453 

surface corrugation at zero normal load with respect to the average height, 〈𝑧𝑧〉, of the two grains. c 454 

The average dislocation corrugation as a function of normal load (black squares). As reference, we 455 

present the corresponding corrugation calculated in the absence of the slider (red circle). The error 456 

bars present standard deviations, obtained by averaging over all the dislocations. d Friction 457 

simulation setup. During the simulations, the top rigid layer is shifted at a constant velocity 𝑣𝑣0 =458 

5 m s⁄  along the x axis direction (the armchair direction of the pristine graphene substrate layers). 459 

Normal load is applied to the top layer by adding a uniform force to each of the atoms. The bottom 460 

layer is kept rigid and fixed in place throughout the motion. The dynamics of all other atoms follows 461 

the REBO intralayer potential and the registry-dependent interlayer potential and subjected to 462 

damped dynamics at zero temperature or Langevin thermostats at finite temperatures, as detailed in 463 

the Methods section and in Supplementary Note 1.  464 
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 465 

Fig. 2. Load and temperature dependence of friction. Molecular dynamics simulation results of 466 

a load dependence of friction at representative temperatures of 𝑇𝑇 = 0, 50, 150, and 300 K and b 467 

temperature dependence of friction at representative normal loads of 𝜎𝜎 = 0, 0.4, and 0.8 GPa for the 468 

model system presented in Fig. 1. Here, the supercell contains a total grain boundary of length 469 

~28 nm. c and d show results obtained using the phenomenological model for c the load 470 

dependence of friction at several temperatures, and d the temperature dependence of friction at 471 

under several normal loads. The model parameters extracted from the dynamical simulations, are: 472 ∆𝐸𝐸1 = 0.01 eV,  ∆𝐸𝐸2 = 0.1 eV, 𝛼𝛼1 = 0.06 eV GPa⁄ , 𝛼𝛼2 = 0.03 eV GPa⁄ , 𝛽𝛽 = 0.3, 𝑐𝑐0 =473 

0.005 eV, ∆𝑥𝑥 = 10.8 Å, 𝑓𝑓0 = 1.5 × 1011 s−1, 𝑁𝑁 = 18, and 𝑣𝑣0 = 5 m s⁄ . Representative lateral 474 

force traces at different normal loads and temperatures, and the convergence of friction calculation 475 

can be found in Supplementary Note 2. Additional details regarding the phenomenological model 476 

are given in Supplementary Note 7. 477 

  478 
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 479 

Fig. 3. Mechanism of the load dependence of frictional dissipation at zero temperature. a Total 480 

dissipation power and its directional contributions (x, y, z – see Fig. 1a.) as a function of normal 481 

load. b Spatial distributions of dissipation power density in the z direction of the second pristine 482 

layer (left panel) and the fifth pristine layer (right panel) under the normal load of 0.6 GPa. The 483 

geometric configuration of the PolyGr layer is superimposed on the 2D maps. The pentagon-484 

heptagon atoms are shown in cyan and the hexagon carbon atoms are represented in pink. The 485 

power density is calculated based on area elements with size of 𝑎𝑎cc2  (𝑎𝑎cc = 1.42039 Å is the 486 

equilibrium C-C bond length in REBO potential). c Representative dislocation trajectories (for two 487 

sliding periods at steady-state) corresponding to the out-of-plane motion of the atoms with maximal 488 

RMS corrugation within each dislocation (different colors correspond to different dislocations) 489 

during sliding, under normal loads of 0, 0.6, and 1.9 GPa (from top to bottom panels, respectively). 490 

Substantial buckling and unbuckling dynamics during sliding is observed under normal loads of 0 491 

and 0.6 GPa. d Kinetic energy profiles corresponding to the traces appearing in panel c. More 492 

details regarding the temperature effects on dislocation buckling can be found in Supplementary 493 

Note 4. Movies of typical simulations are also provided in the Supplementary Information. 494 

  495 
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 496 

Fig. 4. Dislocation buckling transition energy barriers. a An example of a free energy profile of 497 

one dislocation calculated under a normal load of 0.4 GPa at the initial configuration (prior to 498 

sliding). The inset shows a 1 ns atomic out-of-plane motion trajectory of the dislocation during the 499 

equilibrium simulation. b The number density distribution of non-zero transition energy barrier 500 

dislocations (spatially averaged over six equidistant slider positions along one sliding period) 501 

calculated under normal loads of 0 (black bars) and 0.4 GPa (red bars). c The average transition 502 

energy barrier as a function of normal load. The average values (full symbols) and error bars 503 

(standard deviation of the distribution presented in panel b) are calculated at the initial configuration 504 

over all dislocations of transition energy barriers above 0.0026 eV. The empty data points represent 505 

the spatial average results (over six interlayer positions within the sliding period), producing 506 

essentially the same results within the given error bars. The inset shows the number of dislocations 507 

with barriers smaller (full red circles) or higher (full black squares) than 0.0026 eV, as a function 508 

of normal load. The empty symbols present the spatially averaged results. d Correlation between 509 

dislocation corrugation and its transition energy barrier calculated under normal loads of 0 (black 510 

squares) and 0.4 GPa (red circles). The calculation is performed separately for each dislocation, 511 

spatially averaged over six equidistant slider positions along one sliding period as in panel b. All 512 

calculations presented in this figure were performed at 𝑇𝑇 = 300 K. 513 



Figures

Figure 1

Molecular dynamics simulation model and setup. a A perspective view of the model system. From top to
bottom, the system contains three layers of Bernal stacked pristine graphene  (red spheres) with
orientation angle θ0 = 38.2°, one layer of polycrystalline graphene (pink and cyan spheres) with
orientation angles θ1 = 0° and θ2 = 8° for the two patches in the layer, and two layers of pristine graphene
(grey spheres) with orientation angle θ3 = 0°. The dark red and grey colored spheres indicate the rigid top
layer and the �xed bottom layer atoms, respectively. Periodic boundary conditions are applied along both
lateral directions. b The atomic structure and annealed topography of the polycrystalline graphene layer
within the stack. The lower panel shows the surface corrugation at zero normal load with respect to the



average height, , of the two grains. c The average dislocation corrugation as a function of normal
load (black squares). As reference, we present the corresponding corrugation calculated in the absence of
the slider (red circle). The error bars present standard deviations, obtained by averaging over all the
dislocations. d Friction simulation setup. During the simulations, the top rigid layer is shifted at a
constant velocity 0=5 ms⁄ along the x axis direction (the armchair direction of the pristine graphene
substrate layers). Normal load is applied to the top layer by adding a uniform force to each of the atoms.
The bottom layer is kept rigid and �xed in place throughout the motion. The dynamics of all other atoms
follows the REBO intralayer potential and the registry-dependent interlayer potential and subjected to
damped dynamics at zero temperature or Langevin thermostats at �nite temperatures, as detailed in the
Methods section and in Supplementary Note 1.

Figure 2

Load and temperature dependence of friction. Molecular dynamics simulation results of a load
dependence of friction at representative temperatures of  = 0, 50, 150, and 300 K and b  temperature
dependence of friction at representative normal loads of  = 0, 0.4, and 0.8 GPa for the model system



presented in Fig. 1. Here, the supercell contains a total grain boundary of length ~28 nm. c and d show
results obtained using the phenomenological model for c the load dependence of friction at several
temperatures, and d the temperature dependence of friction at under several normal loads. The model
parameters extracted from the dynamical simulations, are: Δ1=0.01 eV, Δ2=0.1 eV, 1=0.06 eVGPa⁄,
2=0.03 eVGPa⁄, =0.3, 0=0.005 eV, Δ=10.8 Å, 0=1.5×1011 s−1, =18, and 0=5 ms⁄.
Representative lateral force traces at different normal loads and temperatures, and the convergence of
friction calculation can be found in Supplementary Note 2. Additional details regarding the
phenomenological model are given in Supplementary Note 7.

Figure 3

Mechanism of the load dependence of frictional dissipation at zero temperature. a Total 4dissipation
power and its directional contributions (x, y, z – see Fig. 1a.) as a function of normal  load. b Spatial
distributions of dissipation power density in the z direction of the second pristine layer (left panel) and
the �fth pristine layer (right panel) under the normal load of 0.6 GPa. The geometric con�guration of the
PolyGr layer is superimposed on the 2D maps. The pentagon-heptagon atoms are shown in cyan and the
hexagon carbon atoms are represented in pink. The power density is calculated based on area elements
with size of cc2 (cc=1.42039 Å is the equilibrium C-C bond length in REBO potential). c Representative
dislocation trajectories (for two sliding periods at steady-state) corresponding to the out-of-plane motion
of the atoms with maximal RMS corrugation within each dislocation (different colors correspond to
different dislocations) during sliding, under normal loads of 0,0.6, and 1.9 GPa (from top to bottom
panels, respectively). Substantial buckling and unbuckling dynamics during sliding is observed under



normal loads of 0 and 0.6 GPa. d Kinetic energy pro�les corresponding to the traces appearing in panel c.
More details regarding the temperature effects on dislocation buckling can be found in Supplementary
Note 4. Movies of typical simulations are also provided in the Supplementary Information.

Figure 4

Dislocation buckling transition energy barriers. a An example of a free energy pro�le of one dislocation
calculated under a normal load of 0.4 GPa at the initial con�guration (prior to  sliding). The inset shows a
1 ns atomic out-of-plane motion trajectory of the dislocation during the equilibrium simulation. b The
number density distribution of non-zero transition energy barrier dislocations (spatially averaged over six
equidistant slider positions along one sliding period) calculated under normal loads of 0 (black bars) and
0.4 GPa (red bars). c The average transition energy barrier as a function of normal load. The average
values (full symbols) and error bars (standard deviation of the distribution presented in panel b) are
calculated at the initial con�guration over all dislocations of transition energy barriers above 0.0026 eV.
The empty data points represent the spatial average results (over six interlayer positions within the sliding
period), producing essentially the same results within the given error bars. The inset shows the number of



dislocations with barriers smaller (full red circles) or higher (full black squares) than 0.0026 eV, as a
function of normal load. The empty symbols present the spatially averaged results. d Correlation between
dislocation corrugation and its transition energy barrier calculated under normal loads of 0 (black
squares) and 0.4 GPa (red circles). The calculation is performed separately for each dislocation, spatially
averaged over six equidistant slider positions along one sliding period as in panel b. All calculations
presented in this �gure were performed at =300 K.
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