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共Received 22 July 2009; accepted 6 September 2009; published online 27 October 2009兲 A multiscale modeling, involving molecular dynamics and finite element calculations, of the degradation of the thermal conductivity of polycrystalline silicon carbide due to the thermal 共Kapitza兲 resistances of grain boundaries is presented. Molecular dynamics simulations focus on the 具111典 family of tilt grain boundaries in cubic SiC. For large tilt angles a simple symmetry and shift procedure is used to generate the grain boundaries while for small angles the boundary structure is obtained by inserting arrays of edge dislocations. The energy and thermal resistances of the grain boundaries are presented. The latter are fed into a finite element homogenization procedure, which enables to calculate the effective thermal conductivity of the SiC polycrystal as a function of its average grain size. The decrease in the thermal conductivity of a polycrystal as a function of its grain size is qualitatively reproduced. However, available experimental values of the thermal conductivity of polycrystalline SiC tend to indicate that the present Kapitza resistances cannot be directly used for prediction of the thermal conductivity of polycrystalline silicon carbide. We suggest possible explanations for this discrepancy, which seems rather common to Kapitza resistances calculated with molecular dynamics simulations. © 2009 American Institute of Physics. 关doi:10.1063/1.3240344兴 I. INTRODUCTION



The thermal conductivity of polycrystals is known to be dramatically lower than the one of the corresponding monocrystal. This decrease in the conductivity with the size of grains can be explained by the existence of a thermal resistance at the grain boundaries 共GBs兲.1,2 This thermal 共or Kapitza兲 resistance RK of a GB is defined as the ratio of the temperature discontinuity ⌬T at the boundary by the heat flux J passing through it, RK =



⌬T . J



共1兲



In the present paper we present a multiscale calculation of the effective macroscopic thermal conductivity of polycrystalline cubic silicon carbide at room temperature. We therefore are not concerned in the present paper with the low temperature limit where the size of the grains itself limits heat conduction. We rather want to focus on the thermal resistance of the GB per se. We focus in the present study on the 具111典 tilt GBs in cubic silicon carbide. This orientation is chosen in view of the particular orientation of the grains growing in the SiC matrix close to the surface of the SiC fiber in SiC/SiCf composites3 that are contemplated as nuclear materials. In this context the high thermal conductivity of silicon carbide is a very desirable feature. However, the degradation of the thermal conductivity of the polycrystalline material as compared to the monocrystalline one may have a significant influence on the design of the reactors. a兲
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We first use molecular dynamics 共MD兲 simulations at the atomic scale to calculate the thermal resistances of GBs. We then integrate these resistances in a finite element homogenization procedure of a polycrystal and study the variation of the thermal conductivity of the SiC polycrystalline samples as a function of the average size of grains. The obtained results reproduce qualitatively the experimental trends but fail to achieve quantitative agreement with available experimental data. We analyze this discrepancy and argue that it is a general feature of Kapitza resistances calculated with MD.



II. BUILDING OF THE GBS AND MEASURE OF THEIR THERMAL RESISTANCE WITH MD



At first sight, the calculation of a GB thermal resistance with MD seems straightforward. We use the so-called direct method, in which one simply has to build a bicrystal, introduce a heat flux perpendicular to the boundary, and measure the temperature drop at the boundary. However, this calculation involves conceptual and practical difficulties that we shall discuss below. An empirical potential of the Tersoff–Brenner4,5 family is used to describe the chemical bonding in SiC within MD. This potential has proven very accurate for the calculation of the thermal conductivity of bulk6 as well as low temperature irradiated7 silicon carbide. The MD code is used either with a fast-quenching algorithm to find the most stable structures of the boundaries or with a usual velocity-Verlet algorithm for the calculation of the thermal resistances 共see below for details兲.
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FIG. 1. 共Color online兲 Atomic structure of 具1 1 1典 tilt GBs in SiC. 共a兲 8° tilt GB generated by the symmetry and shift procedure; 共b兲 4° tilt GB generated by insertion of edge dislocations. The small and large spheres denote silicon and carbon atoms, respectively. The brighter the atom appears, the higher its energy is.



A. Structure and energy of the GBs



A first difficulty lies in the building of the GBs. Most of the studies are devoted to special, well-defined, low energy, GBs. In the present work, we are at the opposite interested in studying a family of GBs, namely, the 具1 1 1典 tilt family. Our goal is rather to sample this family of boundaries, i.e., to find reasonable guesses for the structure of some boundaries of this family. Considering face-centered structure of ␤-SiC, the interval of possible tilt angles reduces to 关0°,30°兴 by symmetry considerations. The first method we use to generate the bicrystal was to apply a mirror symmetry along a plane containing the 关1 1 1兴 direction. By varying this symmetry plane one can sample the possible angles. One then has to optimize the structure of the boundary by finding the relative shift of the grains 共along the direction of the boundary perpendicular to the 关1 1 1兴 direction兲, which minimizes the energy after relaxation of the atomic positions by MD. By applying this optimal shift one reduces the GB energy by an amount that depends on the tilt angle but that may reach 70%. The atomic structure obtained after applying this symmetry and shift procedure is exemplified in Fig. 1共a兲. With this procedure any angle can be contemplated as any symmetry plane 共containing the 关1 1 1兴 direction兲 can be considered. The six symmetry planes that we considered are 共12,–11,–1兲, 共6,–5,–1兲, 共4,–3,–1兲, 共3,–2,–1兲, 共12,–7,–5兲, and 共2,–1,–1兲. However, it appears that this generation does not work for the lowest tilt angles. Indeed in such cases the symmetry operation brings some atoms from the two grains in very close vicinity of each other. The MD relaxation of the atomic positions forces the separation of these pairs of atoms, which then results in a detachment of the two crystals. We found that the shifting procedure does not prevent such detachment, which causes an unphysical energy increase as the tilt angle decreases to zero 共see Fig. 3兲. For the lowest angles we use the common picture of low angle GB being made of arrays of edge dislocations. The GBs are thus generated by inserting edge dislocations of1–10 Burgers vector with their line oriented along the 关1 1 1兴 direction. The dislocations are periodically introduced along the 关–1 –1 2兴 direction. The atomic displacements are first determined by anisotropic elastic theory8 then refined by MD



FIG. 2. Calculated energies of the GBs as a function of their tilt angles. The circles denote boundaries generated by insertion of dislocations; the squares denote boundaries generated by symmetry and shift. In this last case the indices of the cutting planes are given below the x axis.



relaxation. One example of the obtained structure is given in Fig. 1共b兲. After atomic relaxation, one eventually obtains a GB whose tilt angle is given by tan共兲 =



储关1 –1 0兴储 b = , 2 ⫻ L 2 ⫻ m ⫻ 储关–1 –1 2兴储



共2兲



where b is the norm of the 关1 –1 0兴 Burger’s vector of the dislocations and L is the separation between successive dislocations, which in the present structure has to be a multiple of the norm of the periodicity vector 关–1 –1 2兴. One can see that with this procedure, not all tilt disorientations are feasible, because of the restriction on the possible values of L. We considered for the values of m all the powers of 2 from 1 to 64. The energy of the GBs as a function of their tilt angle is given in Fig. 2. For those obtained by symmetry and shift one observes an increase in the energy between 8° and 14° and a less regular behavior afterwards. The 30° configuration being quite symmetric has a slightly lower energy than the others. As indicated above, the symmetry and shift procedure leads to boundaries of increasing energies as the tilt angles decrease below 8°. This procedure is therefore inapplicable for angles lower than 8°. At the opposite one can see that for GBs generated by insertion of edge dislocations, one satisfactorily obtains an energy that goes to zero for a vanishing tilt angle. However, the insertion of dislocations also has drawbacks. First considering a periodic arrangement of edge dislocations enables only a discrete sampling of the possible tilt angles. Second their energies are not always smaller than the those of boundaries generated by symmetry and shift. For instance, the boundary with m = 1 共not included in Fig. 2 for clarity兲, which has a tilt angle of 17°, has an energy of 12 J m−2, which is three times higher than the energy of the boundary of the same angle obtained by symmetry and shift. Figure 1 shows the atomic structure of two GBs obtained by symmetry and shift 共on the left兲 and insertion of dislocations 共on the right兲. One can see that the atomic structure close to the boundary generated by insertion of dislocation
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FIG. 3. Temperature profile across the GB as calculated by MD for an 8° boundary generated by insertion of dislocations.



seems much more regular than the one generated by symmetry and shift. However, from the energetic point of view, this apparent regularity is misleading as the grains depicted in Fig. 1 have almost the same energy. The energy is therefore spread along the whole area of the boundary for the symmetry and shift procedure, while it is concentrated along the dislocation lines in the boundary generated by arrays of dislocations. The calculated energies of the GBs considered in the present study are very close to, though a little bit larger than, the ones of 具0 0 1典 and 具1 1 0典 tilt GBs in ␤-SiC studied by Kohler.9



B. Thermal resistance of the GBs by MD



A conceptual and practical difficulty arises in the measure of the temperature drop at a GB in the presence of a heat flux. In practice the question is at which distance from the boundary should one measure the temperature on the hot and cold sides? We chose to measure the temperatures at the points where the temperature profiles deviate from linearity. Moreover we subtracted from the measured temperature drop the temperature difference that would exist in the same width of bulk material without boundary. This last quantity was settled by performing a linear fit of the temperature variation in the bulk of SiC. One will thus obtain for a vanishing GB 共zero tilt angle or no GB at all兲 a zero thermal resistance. This may seem a rather obvious behavior while it is, in fact, completely dependent on the way the temperature drop is measured, as explained in detail in Ref. 10. Our definition involves points of measure very close to the boundary 共see Fig. 3兲. The situation is different in the common theoretical model for the GB conductance, which involves the transmission coefficients of bulk phonon wave packets across the boundary. GK =



1 1 = 兺 c共k兲vx共k兲␣共k兲. RK ⍀ k



共3兲



In this expression the thermal conductance GK of the boundary is expressed as a sum over all phonons 共indexed by the composite index k兲 of the products of their contribution to the vibrational heat capacity c共k兲, velocity perpendicular to the boundary vx共k兲, and transmission coefficient along the boundary ␣共k兲.



In such expressions, one considers two perfect bulk crystals with regular distributions of phonons totally unaffected by the GB. One thus implicitly considers points of measure for the temperature at about the phonon mean free path from the interface, so rather far away from it. In such models when the GB vanishes the transmission coefficient across it goes to one and the thermal resistance does not vanish but goes to a finite value, which is roughly equal to the bulk thermal resistivity multiplied by two times the mean free path of the phonons in the material. The same kind of uncertainties exists when comparing the experimental measures of Kapitza resistances and theoretical calculations. The points of measure of the temperatures in experiments are always much further away from the interface than the points where the phonon distribution recovers equilibrium.2,10 We do not aim at a direct comparison between MD results and theoretical models. Indeed, we are rather interested in defining a two-dimensional interface property to feed the finite element modeling at all scales, i.e., that should remain relevant for very small grains and should go to zero with the disorientation of the grains. We thus choose to measure the temperature drop when the temperature profile departs from linearity, i.e., very close from the boundary. The details of the MD simulations to calculate the thermal resistances are as follows. The simulation boxes are tetragonal, their size being about 25⫻ 10⫻ 10 nm3 with the grain in sitting “vertically” in the middle of their larger side. After a few picoseconds of thermal equilibration at 300 K, a heat flux is introduced in the box: A slice of 0.6 nm at the uppermost left 共right兲 of the box is continuously heated 共cooled down兲 by regular rescaling of the atomic velocities of atoms in these two slices. A heat flux then builds up in the box and stabilizes at about 1011 J m−2 after around 200 ps of simulated time. Such a very high value of the flux is needed to reach a steady flux in a reasonable CPU time. The temperature profile in the bicrystal is then measured by averaging over another 200 ps. An example of temperature profile in the box after equilibration is indicated in Fig. 3 for an 8° boundary generated by insertion of dislocations. The temperature drop at the GB is clearly visible. One can see that the width along which the temperature profile deviates from linearity is very narrow. The thermal resistances of the GBs generated by symmetry and shift were calculated for all angles between 8° and 30° while for dislocation generated structures, angles between 2° and 15° were considered. The results are summarized in Fig. 4. One can notice that the thermal resistance vanishes as the tilt angle goes to zero in agreement with our way of defining it 共see above兲. For these dislocation generated GBs, the thermal resistance varies monotonously with the tilt angle as the energy does. At the opposite, the variation of the thermal resistance with the tilt angle is not monotonous for the structures generated with symmetry and shifting. Moreover, for this generation procedure, it appears that there is no clear relationship between the thermal resistance and the boundary energy, the maximum resistance being obtained for a 14° tilt angle while the maximum of the energy is reached for 25°. A very nice connection between the two kinds of
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FIG. 5. 共Color online兲 Distribution function of the normalized grain diameter associated with the Voronoï polycrystal.



A. Finite element homogenization procedure FIG. 4. Calculated thermal resistances of 具111典 tilt GBs in cubic silicon carbide 共inset: the associated distribution function兲.



GBs shows up for the thermal resistance. The two 8° boundaries have almost equal resistances. This all the more striking that the energies of these two GBs are very different, the boundary generated with dislocations having a much higher energy than the one generated by symmetry. An important qualitative result is therefore that there is no clear correspondence between the thermal resistance and the GB energy. In addition, the variation of the thermal resistance of GBs with temperature has been estimated by calculating the resistance of two boundaries for a temperature of 1273 K 共1000 ° C兲. The resistance was found to be divided by two when going from room temperature to 1000 ° C. The corresponding doubling of the conductance equals the one of the vibrational heat capacity of silicon carbide modeled with the present Tersoff potential,11 which is coherent with the theoretical formula 关Eq. 共3兲兴 considering that phonon velocities and transmission coefficients are independent of temperature. As indicated above we have to postpone the comparison of our results with experiments until polycrystallinity is considered, as the definition of the Kapitza resistance we are using does not apply to direct measures of this quantity. However, one can say that the present values 共slightly lower than 10−9 m2 K W−1 at most兲 are in the typical range of literature results for Kapitza resistances calculated with MD. One can, for instance, find values between 10−10 and 10−9 m2 K W−1 for silicon 共depending on the GB兲,10,12,13 as low as 10−10 m2 K W−1 for diamond14,15 and around 10−9 m2 K W−1 for MgO and Nd2Zr2O7.16



III. HOMOGENIZATION OF THE THERMAL CONDUCTIVITY OF POLYCRYSTALS OF VARIOUS SIZES



In order to take to full profit of our calculated values of the Kapitza resistances and to consider a rich description of the microstructure, we use a finite element homogenization procedure to describe the polycrystal. We are thus able to go beyond the common so-called serial model,17 which considers only averages of the boundary resistances and grain sizes 共see below兲.



The variation of the boundary resistance with their tilt angles 共Fig. 4兲 is fed into a bidimensional finite element homogenization procedure to evaluate the thermal conductivity of polycrystalline SiC and eventually to allow a comparison with available experiments. A classical representation of polycrystals is given by a Voronoï diagram of a set of randomly distributed points 共with a uniform spatial distribution兲18 共Fig. 6兲. Each Voronoï cell then corresponds to a grain, which the diameter is defined by di = 2冑Si / , where Si is the surface of the grain labeled i. The standard deviation of the normalized grain size is about 0.27 共Fig. 5兲. In a real microstructure many other disorientations of the grains exist beyond the ones we considered in Sec. II, even if one restricts to grains sharing a 关111兴 axis. Therefore, it was not possible to make a one to one correspondence between our calculated values of the resistances and the boundaries appearing in the finite element calculations. Conversely, the thermal resistances were randomly distributed on the GBs of the Voronoï microstructure assuming a uniform distribution of the tilt angles. The corresponding distribution function of the Kapitza resistances is presented in the inset of Fig. 4, with a mean value of 4.88⫻ 10−10 m2 K W−1. The microstructure is therefore made of grains with an assumed bulk thermal conductivity of 0 = 320 W / 共m K兲. This value is the one of cubic monocrystalline silicon carbide at room temperature. From this representation of the microstructure, a homogenization procedure has to be used to estimate the “effective” thermal conductivity of the polycrystal defined as the thermal conductivity of the infinite polycrystal. This behavior could be evaluated from one finite element calculation performed on one representative volume element 共RVE兲. However, such a calculation is time and memory consuming, and an alternative homogenization procedure has been used. Finite element simulations have been performed on a large number of “Statistical Volume Elements,”19 each SVE being a square domain with a dimension of 20 times the mean grain size 共each SVE contains around 400 grains兲. Two kinds of boundary conditions have been used: a uniform heat flux 共UHF兲 共at each point of the boundary, qគ · nគ = Q គ · nគ , with Q គ the applied flux, qគ the local heat flux, and nគ the outer normal兲 or a uniform gradient of temperature 共UGT兲 共at each point of the boundary, T = G គ · xគ , with G គ the applied gradient of tem-
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FIG. 6. 共Color online兲 Field of temperature evaluated on one SVE for a grain size of 10 nm and UGT boundary conditions. Present calculations being purely linear, absolute values of the minimum and maximum temperatures 共on the blue and red sides of the figure兲 are irrelevant.



perature and xគ the position vector兲. For each kind of boundary condition, the “apparent” thermal conductivity is defined BC by the symmetrical second order tensor k= SVE, which links the spatial average of the thermal flux to the spatial average of BC the thermal gradient on the SVE 共具qគ 典SVE = −k= SVE · 具ⵜT典SVE, where BC stands for either UGT or UHF兲. For each SVE, two calculations 共in two orthogonal directions兲 have been BC performed to fully determine the components of k= SVE. An example of the temperature field evaluated on a SVE is presented in Fig. 6. Finally, a statistical averaging on the different SVE provides an estimate of the “effective” conductivity. UGT UHF and k= , obtained with UGT Note that the estimates k= and UHF boundary conditions, are, respectively, an upper and a lower bound for the effective conductivity tensor UGT UHF −1 −1 UGT eff UHF = k= 共k= = ⬎ 关共k = = , where “⬎” is deSVE ⬎ k SVE 兲 兴 = k fined in the sense of quadratic forms兲.20 From the scattering of the apparent thermal conductivities obtained with a grain size of 10 nm 共Fig. 7兲, it can be concluded that the size of the SVE, even if it consists in a quite important number of grains 共around 400兲, is not large enough to be considered as a RVE as defined above. However, the evolution of the statistical averages as a function of the number of SVE shows that the number of SVE taken into account in these simulations is large enough to obtain a converged result. Finally, the difference between the upper and the lower bounds, obtained with



FIG. 8. 共Color online兲 Variation of the macroscopic thermal conductivity of polycrystalline SiC as a function of the average grain size as calculated by finite element simulations. The open squares and circle are for UGT and UHF boundary conditions, respectively 共see text兲. The dashed line indicates the results of the serial model, and the experimental points from Ref. 22 are indicated by the filled squares.



this specific size of SVE, is quite small and can be used to provide an accurate estimation of the effective thermal conductivity 共Fig. 5兲. It can be mentioned that the difference between the bounds increases as the grain size decreases 共see Fig. 7 for the extreme case of the lowest grain sizes兲. B. Results



The variation of the thermal conductivity of the polycrystal as a function of the average grain diameter is given in Fig. 8. The expected qualitative variation of the thermal conductivity with the grain size is well reproduced. Indeed for grain sizes larger than 10 m, the thermal conductivity of the polycrystal equals the one of a monocrystal. The Kapitza resistance of the GBs therefore does not affect the thermal conductivity of such large grain polycrystals. At the opposite, for small grain sizes, the thermal conduction is limited almost exclusively by the Kapitza resistances and tends to zero, the bulk resistivity being negligible. For intermediate grain sizes, between 10 m and 10 nm, the thermal conductivity drops quickly with the grain sizes. Qualitatively the experimental variation of thermal conductivity with grain sizes is well reproduced 共see, for instance, in the paper by Nan and Birringer21 for summaries of experimental results plotted in the same way as in Fig. 5兲. The present results can be compared to the so-called serial model 共Fig. 8兲. In this model one considers the polycrystal as a one-dimensional serial assembly of grains and GBs submitted to a homogeneous heat flux. Even if the grain size and the Kapitza resistance are heterogeneous, it is easily demonstrated that the serial estimate of the conductivity only depends on their average values through ¯ 兲, S = 0/共1 + 0¯RK/d



FIG. 7. 共Color online兲 Apparent thermal conductivity for different SVE, in two orthogonal directions, and evolution of the statistical averaging as a function of the number of SVE. Upper curves 共red兲: UGT boundary conditions; lower curves 共blue兲: UHF boundary conditions. The grain size is 10 nm.



共4兲



where ¯d and ¯RK are the average values of grain sizes and interfacial resistances, respectively. In spite of a very simplified description of the polycrystal, it can be emphasized that this model is surprisingly in quite good agreement with our finite element simulations, which are taking into account the
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grain size heterogeneity, the Kapitza resistance heterogeneity, and the spatial heterogeneity of the fields of temperature and heat flux. However, one can notice that the serial models slightly underestimate the thermal conductivity as compared with the finite element calculations, especially for smaller grain sizes; e.g., for a mean diameter of 0.1 m, the serial model deviates from the finite element calculations by 25 共19兲 W m−1 K−1 from the UGT 共UHF兲 calculations, which amount to a relative error of about 15%. IV. DISCUSSION



The present finite elements calculation allows the comparison with experimental data. The only experiment we are aware of for silicon carbide is the one by Collin et al.,22 which measured the thermal conductivity of polycrystalline SIC with three different average grain sizes. They measured a huge decrease in the thermal conductivity from 170 to 90 W m−1 K−1 for a change in grain size from 17.2 to 6.8 m, with an intermediate value of 110 W m−1 K−1 for 8.4 m 共square points in Fig. 8兲. For these sizes our calculations predict a thermal conductivity almost equal to the one of the monocrystal. This evidences that our calculated Kapitza resistances are strongly underestimated. To reproduce the experimental values, based on the serial model, one would need an average value of the Kapitza resistance around 4 ⫻ 10−8 m2 K W−1. The present calculated values are thus underestimated by a factor about 80. We now argue that this discrepancy is common to all Kapitza resistances calculated with MD. Indeed, on one hand, as we recalled above, the values available in literature range between 10−10 and 10−9 m2 K W−1. On the other hand the estimates for this quantity 共mostly based on the serial model兲 from the experimental measurements of the thermal conductivity of polycrystalline materials consistently give higher values: about 5 ⫻ 10−9 m2 K W−1 for yttrium stabilized zirconia,17 at least 10−8 m2 K W−1 for alumina,23 5 ⫻ 10−8 m2 K W−1 for six Ge1−x alloys,21 and as much as 5 ⫻ 10−7 m2 K W−1 for HfB2.24 The estimated values indicated above for SiC fit nicely within this range of values. The only case where calculated and measured thermal resistances of GBs are of the same order of magnitude appears in diamond15 where a very low value of 3 ⫻ 10−10 m2 K W−1 is measured and a value of 10−10 m2 K W−1 is calculated. Apart from this last case, it seems that the Kapitza resistances calculated with MD are too small to account for the decrease in the thermal conductivity of polycrystals with their grain size, irrespective of the material under study. It therefore appears that Kapitza resistances calculated within MD cannot be directly used for prediction of the thermal conductivity of polycrystalline materials. The problem does not come from the value of the thermal conductivity of the bulk material. Indeed changing this value does not change the range of grain sizes at which the effect of the Kapitza resistances takes in for the decrease in the macroscopic thermal conductivity. Different possibilities can be suggested to explain this systematic discrepancy. First, considering only the effect of



the Kapitza resistance to analyze the decrease in thermal conductivity due to microstructural effect is a quite restrictive assumption. Doing so one neglects, for instance, the effects of porosity, which are known to have a very detrimental effect on macroscopic thermal conductivity.25 The interplay of GB and pore resistances in polycrystals has been evidenced, for instance, in Refs. 23 and 26. It seems, however, that the porosity effect cannot account for the orders of magnitude of the discrepancy between MD and experimental estimates of the Kapitza resistance. It is also possible that changing the grain size 共through heat treatments, for instance兲 also changes the microstructure inside the grains and thus modifies the intragranular thermal conductivity. One may think, for instance, about a decrease in the density of dislocations with increasing grain size. Second, one has to suppose that atomistic models of GBs are at stake. Real GBs should be much more perturbed than what is considered in MD calculations. One should, for instance, consider the very detrimental effect of the impurities that tend to gather at boundaries on the Kapitza resistance as well as the change in the alloying composition that should exist close to the boundaries. Additional experiments on ultrapure and ultradense polycrystals would allow conclusion on these points. V. CONCLUSION



Kapitza resistances of GBs in SiC, as calculated with MD, tend to exhibit large variations with the tilt angles of the GBs. However, they do not vary monotonously with the boundary energies. When used in a FE model they allow to qualitatively reproduce the behavior of a polycrystalline material with the expected decrease in the macroscopic thermal conductivity with grain size. Unfortunately it appears that the drop of the conductivity with decreasing grain sizes takes place for much smaller grains in MD calculations than in experiments. This discrepancy seems general to all Kapitza resistances calculated by MD. It probably originates in a neglect of additional sources of resistances to heat flux beyond Kapitza resistances and/or in an inaccurate description of the structure of GBs in less than perfect materials. Part of this work was performed using HPC resources from GENCICCRT and GENCI-CINES 共Grant 2009–gen6018兲 P.L. Kapitza, J. Phys. 共USSR兲 4, 181 共1941兲. E. T. Swartz and R. O. Pohl, Rev. Mod. Phys. 61, 605 共1989兲. D. Helary, O. Dugne, and X. Bourrat, J. Nucl. Mater. 373, 150 共2008兲. 4 J. Tersoff, Phys. Rev. B 37, 6991 共1988兲. 5 D. Brenner, Phys. Rev. B 42, 9458 共1990兲. 6 J. Li, L. Porter, and S. Yip, J. Nucl. Mater. 255, 139 共1998兲. 7 J. P. Crocombette, F. Gao, and W. J. Weber, J. Appl. Phys. 101, 023527 共2007兲. 8 E. Clouet, L. Ventelon, and F. Willaime, Phys. Rev. Lett. 102, 055502 共2009兲. 9 C. Kohler, Phys. Status Solidi B 234, 522 共2002兲. 10 S. Aubry, C. J. Kimmer, A. Skye, and P. K. Schelling, Phys. Rev. B 78, 064112 共2008兲. 11 L. Porter, J. Li, and S. Yip, J. Nucl. Mater. 246, 53 共1997兲. 12 P. K. Schelling, S. R. Phillpot, and P. Keblinski, J. Appl. Phys. 95, 6082 共2004兲. 13 A. Maiti, G. Mahan, and S. T. Pantelides, Solid State Commun. 102, 517 共1997兲. 14 T. Watanabe, B. Ni, S. Phillpot, P. Schelling, and P. Keblinski, J. Appl. Phys. 102, 063503 共2007兲. 1 2 3
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