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polymer based materials: applications
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polymer nanocomposites

Combination of a polymer matrix and filler that have at least one dimension
(i.e. length, width, or thickness) in the nanometer size range (1 nm = 10° m)
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* Composites are materials
consisting of two or more
physically different phases, the
combination of which leads to the
emergence of new unique
properties that differ from the
characteristics of the original
components.
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Computer modeling in the development of new

materials
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Multiscale nature
of polymer
nanocomposites

In the case of nanocomposites,
, it is impossible within the
* mp—— ' framework of a one-level

‘ ‘ approach to combine high
accuracy and large scale of
consideration.
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Graphical User In‘rer'face scientific workflow appr'oach

¥ Multicomp Workflow Environment ver. 1.2 (2025)
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Performance characteristics

Determination of the
behavior of materials at
different temperatures
Assessment of the ability
to accumulate heat
Analysis of the
possibilities of heat
removal

Without precise calculations of

thermal properties it is impossible to
ensure:

Reliable operation of equipment
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The importance of the thermal properties of materials

Economic aspects

Study of
properties of
existing materials
and optimization
of material costs
Reduction of heat
energy losses
Increasing energy
efficiency
Reduction of
environmental
impact



Equilibrium molecular dynamics (EMD) for computing thermal conductivity

Thermal conductivity is calculated a consequence of the fluctuation-dissipation theorem based on the equilibrium current-

current autocorrelation function of heat flux calculated at chosen timesteps of the MD simulation run (Green-Kubo* formula).

v

v' computationally
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* Kubo, R. Journal of the physical society of Japan 12.6 (1957): 570-586.
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efficient  for bulk
homogeneous systems and small simulation domains.

v’ can reproduce intrinsic material properties without
directly imposing the temperature gradient in the system

v does not suffer from the boundary and finite-size effects
inherent in non-equilibrium methods
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Case study: thermal conductivity of Si crystal with different sizes

Change size of the
crystalline Si structure
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Calculating the thermal conductivity of crystalline silicon: EMD simulations

Equilibrium molecular dynamics (EMD): In our calculation, we wanted to investigate both the finite

PROPERTY
simulation size effects and the effects related to the autocorrelation estimations from the obtained Thermo
. MD,/LMP
statistical data.
equilibration can require a reasonable convergence requires Significant effects due to the
significant simulation time of 10 ns systems with 5x5x5 silicon unit cells averaging parameters of the
in all directions (1000 atoms) autocorrelation function
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Similar results were observed in the study by Shelling et al [Physical Review B, 65(14), 144306. (2002)]
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Nonequilibrium molecular dynamics (NEMD) for computing thermal conductivity

Muller-Plathe method** imposes a heat flux by exchanging velocities between cold and hot atoms. Over time, PROPERTY
these energy exchanges create a temperature gradient in the system that can be used to calculate thermal Thermo
conductivity as the ratio of the heat flux to the temperature gradient. NE-MD/LIP

1. Non-Equlibrium 2. Energy Exchange 3. Fourier’'s Law
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v relatively fast convergence and direct control of the heat > calculations are sensitive to boundary effects as well as to
flux the choice of simulation parameters (such as system size,

v  suitable for systems with strong anharmonicity or heat exchange frequency, and layer definitions)

interfaces: preferable for calculating thermal resistance, for > does not directly provide intrinsic material properties like

example, between the filler and the polymer matrix, or in EMD, but rather an effective thermal conductivity that

other anisotropic materials depends on the imposed gradient 1 1

** Miiller-Plathe, F. Phys Rev E Stat Phys Plasmas Fluids Relat Interdiscip Topics 1999, 59 (5 Pt A), 4894—4898.



Calculating the thermal conductivity of crystalline silicon: NEMD simulations

* Nonequilibrium molecular dynamics (NEMD): For the verification of the "ThermoProperties NE-MD"

module, crystalline silicon was studied at 500 K with a focus on finite-size effects.
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Comparison of atomic-level simulation methods for computing thermal
conductivity of crystalline silicon in the MULTICOMP Package

Method Crystalline Silicon Thermal Conductivity k (W/m/K)
T=300K T=500K T=1000K

Simulation / EMD  PROPERTY 220-290 [this study] 130-150 [this study] | 50-60 [this study]
Stillinger-Weber Thermo 170-240[1,2,3,4] 62-66 [5]

. MD/LMP
potential
Simulation / NEMD properTY 180-200 [this study] 110-150 [this study]
Stillinger-Weber Thermo 205 [4] 100-120 [5]
potential B e

Experiment 160-240 [6,7] 80 [6] 50 [6]

v" The modeling results are in quantitative and qualitative agreement with the experimental
data and previous MD simulations based on EMD and NEMD approaches

v The results summarized in this table clearly show that for crystalline silicon, both
implemented EMD and NE-MD-based methods give the same result within the method error.

1 Poetzsch, R. H., & Béttger, H. (1994) Physical Review B, 50(21), 15757. 2 Fang, K. C., Weng, C. I., & Ju, S. P. (2006). Nano-technology, 17(15), 3909.

3Yang, L, Yang, N., & Li, B. (2014) Nano letters, 14(4), 1734-1738. 4 Park, M., Lee, I. H., & Kim, Y. S. (2014) Journal of Applied Physics, 116(4).

5 Schelling, P. K., Phillpot, S. R., & Keblinski, P. (2002). Comparison of atomic-level simula-tion methods for computing thermal conductivity. Physical Review B, 65(14), 144306 1 3
6 Capinski, W. S., Maris, H. J., Bauser, E., Silier, I., Asen-Palmer, M., Ruf, T, ... & Gmelin, E. (1997) Applied physics letters, 71(15), 2109-2111.

7 Ruf, T., Henn, R. W., Asen-Palmer, M., Gmelin, E., Cardona, M., Pohl, H. J., ... & Senni-kov, P. G. (2000) Solid State Communications, 115(5), 243-247



An example where NEMD works more efficient then EMD

POLYETHYLENE (PE)
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FIG. 3. Variation of thermal conductivity of amorphous polyethylene with

temperature at different strains.
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Performance comparison for EMD and NEMD simulation methods

The presented characteristic (step x atom) / (CPU core X second) quantifies the performance of molecular dynamics

simulations by measuring the number of atom-steps computed per second per CPU core.
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5x10°

Lo
o4
-
o
]

)
>
—_
o
t

2x10°

—
>
—
o
0]

o

O g

T

PROPERTY

Thermo
ME-IMD/LKP

I B I I
—— (Si crystal SW EMD) ||
—— (Si crystal SW NEMD)

PROPERTY

Thermo
MD/LMP

Intel Xeon E5 2680 (CPU) \

16 hours real time for 1 ns MD run for
70,000 atoms
Performance ~ 10° (step x atom) / (GPU
Compute Units x second)

NVIDIA GeForce RTX 4090 (GPGPU):

1 hours real time for 1 ns MD run for
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The NE-MD module demonstrates
approximately x2 faster convergence
compared to EMD due to its more efficient

heat transport characterization



» Thermal conductivity of crystalline silicon was evaluated using EMD and

NEMD molecular dynamics approaches available in the current release
of the MULTICOMP package

 The consistency between EMD- and NEMD-based calculations
provides a robust validation of the computational approach and
confirms the reliability of the previously developed EMD-based
"ThermoProperties" module and serves as a verification of the newly
iIntroduced NEMD-based "ThermoProperties NE-MD" module

« EMD and NEMD methods complement each other and offer specific
advantages depending on the system under study. New functionalities
for the evaluation of thermophysical properties make MULTICOMP a
unique and comprehensive platform for the design of high-performance
polymer nanocomposites.
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