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Highlights
e Microwave heating of bulk 3C-SiC have been studied using MD simulations
e Rapid microwave heating was observed at 0.5 VV/A and 500 GHz
e Increase in diffusion coefficient changes physical phase of the 3C-SiC system

e Physical state of the system changed by 75% relative to initial structure with in 5ns
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Abstract

Silicon carbide (SiC) is widely used as a susceptor for microwave hybrid heating applications
owing to its exceptional microwave absorbing characteristics. In practice, it is challenging to
characterize the thermo-physical behaviour of the microwave irradiated SiC-based targets
experimentally due to interference of integrated measurement devices with microwaves. In this
article, molecular dynamics simulations were performed to understand the atomistic response
of a bulk 3C-SiC model during microwave heating. Atomistic simulations were performed at
different electric field strengths (ranging from 0.1 to 0.5 V/A) and frequencies (ranging from
100 to 500 GHz) to develop a numerical relationship between temperature and time in order to
predict the thermal response of bulk 3C-SiC. On the other hand, the physical characteristics of
the bulk 3C-SiC were determined by the plots between mean square displacement (MSD), time
and diffusion coefficients. The results showed that at 0.5 V//A electric field strength and 500
GHz frequency, the diffusion coefficient increased up to 88% as compared to the electric field
strength of 0.1 V/A at 500 GHz. A change of 75% in the physical phase of 3C-SiC structure
with respect to the initial structure was confirmed by the distorted density distribution profile.

Keywords: Microwave heating, molecular dynamics, 3C-SiC, electric field strength,

frequency, atomistic simulation
1. Introduction

Microwave (MW) energy has been exploited for processing of various engineering materials
such as polymers, ceramics, metals and alloys, and their composites [1-4]. Processing of
materials that are transparent to microwaves (e.g., alumina) or reflect microwaves (e.g., bulk
metals) at room temperature is challenging as result of minimal dissipation of microwave
energy inside these materials due to limited and uneven depth of penetration driven by
dissimilar absorption properties [1,5-8]. Additionally, microwave absorbing materials are
sometimes impacted by thermal runaway that are caused due to the development of hot spots
during direct microwave heating [1,3,7,9,10]. In order to overcome these challenges,
Microwave Hybrid Heating (MHH) approach has largely been used to process these materials
to achieve improved properties in the developed parts [1-3,7,9-14]. In MHH, heating of the
target material is accomplished using conventional and microwave heating approaches. Firstly,
a susceptor which is a microwave absorbing material such as SiC absorbs microwave energy
and heats the target material (conventional heating) till it attains the material specific critical
temperature [1,3,12,15]. Beyond, its critical temperature, it starts absorbing microwave energy
(microwave heating). Most widely used susceptor material in MHH is SiC. It is, therefore,
understanding of the physics behind the microwave-material interaction that causes heat
dissipation inside the susceptor material during MHH plays a vital role in selection of the

susceptor material. Any experimental investigation has not been reported on any material to
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study the heat dissipation phenomena at atomic level due to the limited experimental resources;
however, few simulation studies have been reported on materials such as water [16],
monoethanolamine (MEA) [17], polyacrylonitrile (PAN) [18], supercritical water [19] and
alumina (a-Al203) [20] based on Molecular Dynamics (MD) simulation. To study the modeling
and simulation of different materials such as metal, ceramics, polymers, oxides, etc., at the
molecular level, classical molecular dynamics (MD) has emerged as a viable technique [21,22].
Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) is an open-source
and classical MD tool has been popularly used for simulation work [23]. Dielectric response
of the liquid water was studied at different microwave frequencies using eight empirical force
fields [16]. It was reported that TIP4P-e¢ and OPC3 force field was the most efficient in
accurately predicting the dielectric spectra of liquid water. In another study, the dielectric
heating of liquid monoethanolamine (MEA) was analyzed at different MW frequencies (1.0-
10.0 GHz) by using the force fields GROMOS-aa that effectively predicted the dielectric
characteristics of MEA [17]. Further, analysis of microwave heating of polyacrylonitrile (PAN)
was reported using a reactive force field and it was revealed by the study that temperature
change in PAN was dependent on applied EM field strength and frequency [18]. Microwave
heating characteristics of supercritical water was studied in terms of fast MW heating and
associated energy distribution by predicting the mean square displacement (MSD) and
diffusion coefficient [19]. The applied MW energy was stored as inter molecular energy (40%)
which rearrange molecules and the system gets heated at a higher rate (75%). Further,
microwave heating characteristics of ceramic materials such as a—Al,03[20] and SiC [24] were
also reported. The o—Al>03was analyzed using a non-equilibrium MD simulation and the study
revealed that microwave heating characteristics of 0—Al203 depends upon alignment of various
crystallographic directions with applied electric field [20]. In another study, heating of silicon
carbide (SiC) was analyzed under microwave irradiation [24]. It was reported that rise in
temperature of SiC was substantially faster when microwaves were applied parallel to SiC
surface <100>; whereas, lesser heating of SiC slab was predicted in a perpendicular direction
to the SiC surface. It is evident from the relevant literature that thermo-physical characteristics
of SiC which provides useful information to utilize SiC as susceptor in MHH of different
materials has not been studied using MD simulations. Therefore, in the present paper, rapid
microwave heating of silicon carbide (3C-SiC) was studied at different frequencies (100, 200,
300, 400 and 500 GHz) and electric field strengths (0.1, 0.2, 0.3, 0.4 and 0.5 \V/A). Microwave
heating characteristics of 3C-SiC was analyzed using the mean square displacement and the

diffusion coefficient. Finally, phase change in SiC was predicted during microwave exposure.
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2. Materials and Methods

The bulk SiC system, cubic zinc-blend structure (3C-SiC), with periodic boundaries in the X,
y, and z directions was used to perform the simulation study. The lattice constant of the bulk
3C-SiC was taken as 4.35 A [25] and the cubic cell size was 34.8 A in each direction. Fig. 1

schematically illustrates the original atomic arrangement, size of the bulk SiC, and direction of

MW heating
—

MW heating effect

propagation of microwaves (x-direction).
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Fig. 1. A schematic representation of atomistic model of the bulk 3C-SiC (4096 atoms) and microwave
heating (insert) using Vashishta force field.

Vashishta's interatomic potential offers accurate prediction of dislocation behavior [26],
diffusion behavior [27], temperature evolution in microwave heating [24] while analyzing 3C-
SiC system. Therefore, Vashishta potential was used for this study to illustrate the pair-wise
interaction between the atoms [28,29]. Vashishta force field comprises two- and three-body

interactions. The total potential energy (PE) of a system can be represented by Eq. 1 [28,30] —
U= Z{V {V<] U(Z)(TL]) + ZN JE! ]<K k+i l]k (rl]i Tiks l]k) (1)
where, the term U is the effective interatomic potential, Ui(jZ)(ri j) indicates two-body

interaction potential, and Uj(ﬁc)(nj,nk, Bl-jk) indicates three-body interaction potential of a

system. The steric size effects of the ions, charge-transfer mechanisms leading to Coulomb
interactions, charge-dipole interactions owing to the electronic polarizability of ions, and
induced dipole-dipole (van der Waals) interactions are part of the two-body interaction
potential which is represented as [28,30]-

U(Z)( Y= 1 4 22 pmr/a _ Pii por/e Vi )

rij r 2r4 r6é
where, H;; is the strength of the steric repulsion, Z; ; is the effective charge, D;; is the strength
of the charge-dipole attraction, W;; is the van der Waals interaction strength, Ul is the

exponents of the steric repulsion term, r = r;; is the distance between the ith atom at position

ri and the jth atom at position rj, 4 is the screening lengths for Coulomb term, and ¢ is the
Page 5 of 18



screening lengths for charge-dipole term. The three-body part of the effective potential is
represented by Eq. 2 [28,30] -

ij i 0;jx—cosB;; ]2
U(g) T, Tix Oii1.) = Bji.ex ( Yij + Yik ) [cos ijk ijk . 3
l]k( ijr ik, l]k) ijk p Tij=To Tik—To 1+Cijk[C059ijk—COS§ijk]2 ( )
where, B, is the strength of interaction, 6,y is the angle formed by rij and ri C; j, and 6 is

a constant.

In the present study, LAMMPS was used as a MD tool and OVITO platform was used to
visualize atoms and molecular movements as well as to accomplish the post-processing of the
MD simulation. Simulation of microwave heating of the bulk 3C-SiC was carried at different
electric field strength (0.1, 0.2, 0.3, 0.4 and 0.5 \V/A) and the frequencies (100, 200, 300, 400
and 500 GHz). Initially, equilibration of all the systems was done in a canonical (NVT)
ensemble using the Nose-Hoover thermostat [31] for 2.5 ns. Simulation in each case was
equilibrated to room temperature with a temperature damping factor of 0.1 ps. These atomistic
configurations were used finally to accomplish the targeted studies. The bulk 3C-SiC system
IS @ non-magnetic system; therefore, it gets affected by the electric field component of the
microwave energy [32]. An external alternating electric field was, thus, applied in x-direction
within a micro-canonical (NVE) ensemble utilizing the velocity-Verlet algorithm [16,18-20]
to analyze the effect of microwave on the bulk 3C-SiC system. The external alternating electric

field caused by microwave exposure can be expressed as [16,20] -
E(t) = E,sin 2nft). 4)

where, En is electric field strength or the amplitude, f is the frequency, and t is the elapsed time
for microwave exposure. The bulk 3C-SiC system was exposed to microwaves for 5 ns during
the simulation study. The external electric field adds a force (i.e., F=qE) to each charged atom
in the system. Calculation of Coulomb interaction for microwave induced dipole moments in
microwave exposed 3C-SiC system is vital. Therefore, the charge assigned to Silicon (Si) and
Carbon (C) were 1.201 and -1.201, respectively, as per Vashishta's interatomic potential [24].
The outcomes of the simulation study have been discussed in subsequent section.

The bulk 3C-SiC system was equilibrated at a constant volume and temperature (NVT)
ensemble for 2.5 ns with timestep 0.001 ps. An initial velocity was provided to the system to
achieve a temperature of 298 K [17,20]. Fig. 2 indicates variation of temperature and potential
energy before and after the equilibration stage with respect to time. After providing some
random initial velocity in an NVT ensemble, the temperature and potential energy of the system
increases up to 1 ns (Fig. 2) and gets stabilized to constant values approximately 298 K and -
25800 eV, respectively. Subsequently, the equilibrated system was utilized to simulate the
influence of varying electric field strength and frequency on microwave heating behavior and

thermo-physical characteristic of the 3C-SiC system.
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Fig. 2. Temperature and potential energy variation with time after equilibration of 3C-SiC system. The
equilibration was performed in an NVT ensemble at a temperature of 298K for 2.5 ns.

A non-strict NVE ensemble was used to consider the microwave energy absorption in the 3C-
SiC system during microwave exposure [33]. Initially, the bulk 3C-SiC system was simulated
without applying external electric field (E=0). Subsequently, the bulk 3C-SiC system was
exposed to microwaves at different frequencies (f) 100, 200, 300, 400 and 500 GHz and
simulations were carried out at electric field strengths (En) varying from 0.1, 0.2, 0.3, 0.4 and

0.5 V/A. Accordingly, the obtained results have been discussed in the following section.
3. Results and discussions

Fig. 3 depicts the temperature and kinetic energy (KE) profile of a bulk 3C-SiC system in an
NVE ensemble without the introduction of any external electric field (E=0). No considerable
increase in temperature and KE in the NVE ensemble (Fig. 3) confirms that the initial
configuration used for the MD simulations is very well equilibrated. Therefore, any surge in
temperature and kinetic energy may be attributed to the possibility of the system being exposed

to an external electric field [16].
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Fig. 3. Variation of temperature (T) and Kinetic energy (KE) with time in an NVE ensemble without
any external electric field (E = 0)

Fig. 4 shows the temperature profiles of the microwave irradiated bulk 3C-SiC system with
increase in time at different f and different En values of a time-dependent external electric field.
It was evident from Fig. 4 that temperature rises when an external electric field was introduced
to the system. Moreover, temperature increases as frequency increases from 100 to 500 GHz.
Microwave exposed bulk 3C-SiC system attains melting temperature (3300 K[34]) in 5 ns at
500 GHz and 0.5 V//A. Therefore, further analysis has been carried out at a frequency of 500
GHz and electric field strength of 0.1 to 0.5 V/A.
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Fig. 4. Variation of temperature (T) at different frequencies with time (t) during microwave exposure
of the 3C-SiC at different E field strength (a) 0.1 V/A, (b) 0.2 V/A, (c) 0.3 V/A, (d) 0.4 V/A, and (e)
0.5 VIA

It can be observed that increase in electric field strength enhances the temperature of the system
at a constant frequency; for example, temperature increase up to 1063% in 5 ns while changing
En from 0.1 to 0.5 V/A at 500 GHz (Fig. 4a-e). Additionally, the system attains a temperature
of 1100 K in 20% shorter duration when electric field strength was changed from 0.4 V/A to
0.5 V/A at frequency 500 GHz (Fig. 4d-e). The observed increase in temperature at higher
external electric field (0.5 V/A) and frequency (500 GHz) can be attributed to the higher
dissipation of heat in the SiC due to higher displacement of dipoles from their mean position
and increased number of oscillation cycles per unit time [1, 3]. Rapid heating of the SiC system
can be observed beyond 2.5 ns at 0.5 /A and 500 GHz and attains melting temperature (3100
+ 40 K [34]) within 4.87 ns (Fig. 4e). It has been reported by Aissa et al. that rapid microwave
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heating of the SiC up to 2000 K occurs at 900 W and 2.45 GHz within 100s [35]. The observed
variation in heating time reported in the previous work and the present work is due to the

variation in external electric field strength and frequency.

It is apparent from the above discussion that microwave heating of the bulk 3C-SiC system
was significantly influenced by the microwave frequency and electric field strength and the
temperature varies non-linearly with time at different microwave frequencies and electric field
intensities (Fig. 4). It is noteworthy, while curve fitting of the temperature-time characteristics
(Fig. 4) of the bulk 3C-SiC system that temperature rises exponentially with respect to time

and it can be represented mathematically as [18,36] -
T(t) = T, x eBV, (5)

where, T is the system temperature in K, To is the initial temperature of the system in K, t is the
simulation time in ns and g is the correlation coefficient.

Fig. 5a illustrates the 3D heating profile of the bulk 3C-SiC system with respect to the obtained
B values, electric field strengths, and frequencies. The correlation coefficient g for all the 25
cases have been estimated and surface fitting of the contours provides a cumulative Gaussian
function (R? = 0.994) that adequately describes the correlation between g, En and f. The
exponential fit of temperature profile of the bulk 3C-SiC system at 0.5 V/A and 500 GHz is
shown in Fig. 5b. The correlation coefficient (8) and coefficient of determination for this case
were estimated as 4.53x107" and 0.951, respectively during the exponential fit of temperature-
time profile.

(a) i — B (b)

ox107 —— 9.00x107

500 GHz

g 3600 :— . .
8x107 8.00x10” F — —Exponential fit

7.00x107 3200 | 7
7x107 b
6.00x107 2800 | /
6x107 E
5.00x107 2400 / A
p sxi07 s E 3

4.00x10°

4x107

3.00x107 1600 F 4

a £

3x10 2.00x107 E s

2x107 107 £ >
’ \} 3

1x107 & 0.4 Ql“’“ F — g

500 400

300 200

Fre, 0
QUSncy (GHz ) 0 ?’wo\(‘ 0 1

Fig. 5 (a). Variation of 3D heating profile (surface fit) of correlation coefficient (8) with E field
strengths and frequencies for bulk 3C-SiC system, and (b). Temperature-time plot at 0.5 /A and 500
GHz.

The cumulative Gaussian function surface fit was applied to the g values and a numerical
relationship between the # and input microwave parameters was established for quantitative
estimation of the degree by which g was influenced by electric field strength and frequency.
The numerical relationship between g, f, and E field strength can be represented by the

following equation [18,24,36] -
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B = Ao +0.25By x [1+erf {%‘Z‘C"}] x [1+erf {1225 ©6)

where, the terms Ao, Bo, Co, Do, Eo and Fo are the fitting parameters and En and f are the
microwave electric field strength and frequency, respectively. The values of fitting parameters
estimated for cumulative Gaussian function of g are listed in Table 1.

Table. 1 The values of fitting parameters for g

Fitting parameters Values
Ao 7.93x10° + 5.374x10°°
Bo 1.89x10° £ 9.704x10”
Co 0.59+0.11
Do 0.21 +0.04
Eo 381.20 + 47.88
Fo 245.71 +£32.81

Consequently, equations (5) and (6) can be used to explain the microwave heating characteristics
of the bulk 3C-SiC at different electric field strengths and frequencies using MD simulations over

a suitable simulation period.

Fig. 6 shows the variation in kinetic energy (KE) of the bulk 3C-SiC with microwave exposure
time at different frequencies and electric field strengths. It confirmed that the rise in
temperature of the system was driven by the applied microwave field which caused increase in
the KE of the atoms. The microwaves interact with atoms of the system and transfers wave
energy to atoms of the 3C-SiC system; as a result, the KE of the system increases [19,20]. The
KE gained by the atoms during microwave interaction is directly proportional to En and f of
the microwaves; consequently, the KE of the system increases [20]. It was evident from Fig. 6
that increase in En (0.1, 0.2, 0.3, 0.4, and 0.5 V/A) or f (100, 200, 300, 400 and 500 GHz)
values, increases the KE within the system. Significant increase in the KE of the system was
apparent at electric field strengths of 0.5 /A and frequency of 500 GHz (Fig. 6e). The rise in
the KE of atoms of the system results in various losses associated with inertia, elastic, frictional
and molecular interaction forces in the system and causes increase in the system temperature
which is shown in Fig. 4. In general, change in electric field strengths and frequencies causes
change in positions of the atoms of SiC molecules significantly [37]. Therefore, molecular
collisions in the bulk 3C-SiC system affects the structural and thermal stability of the system

at every time step of microwave heating [38].
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Fig. 6. Variation KE of the bulk 3C-SiC system with time during microwave exposure at different
electric field strengths (a) 0.1 V/A, (b) 0.2 V/A, (c) 0.3 V/A, (d) 0.4 V/A, and (e) 0.5 V/A.

Particle mobility can be assessed using the mean square displacement (MSD) which is an
average of the square of particle displacements [39-41]. The MSD of a system can be

calculated using the below equation [42-44] -
MSD(t) =~ ZiLIni(6) —ry(0))? (®)

where, ri(t) and ri(0) is the atom position of the i atom after t time of simulation and t =0
respectively and N is the number of atomic sites. Variation of MSD of the system with time is
shown in Fig. 7 at different En values and 500 GHz. It is indicated by the plots (Fig. 7) that the
MSD values for the system increases at a higher rate with increase in the electric field strength.
Increase in MSD values with time was approximately linear for an initial 2 ns during
microwave exposure (Fig. 7, insert). The derivative of MSD represents the diffusivity of system
and it has been frequently used to determine the dynamic properties of system [38,39]. The
diffusion coefficient (D) of atoms can be estimated by the slope of MSD-time plot with respect
to time (t = t1 - to; where t is time interval between some given time t1 and initial time to) using
the below equation [38,45-47],

D = —(MSD(t;) — MSD(t,)) ©)
The values of diffusion coefficient (D) were calculated at 500 GHz by varying the electric field

strengths (0.1, 0.2, 0.3, 0.4, 0.5 (Phase 1) and 0.5 (Phase 1) V/A).
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Fig. 7. Variation of MSD of the 3C-SiC system with time at different electric field strengths and at
500 GHz frequency. (Insert shows the variation of MSD for initial 2 ns).

The variation of diffusion coefficient with electric field strength is shown in Fig. 8. For electric
field strength 0.1 /A, the calculated slope of MSD curve is 0.38 x 10 A%/ns (Fig. 7) and it
provides the diffusion coefficient of 0.633 x 10* A%/ns which is the lowest among all heating

cases (Fig. 8).
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before and after 2 ns of simulation time.
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The slope of the MSD curve up to 2 ns (Fig. 7, Phase-1) at 0.5 /A is 3.08x10° A?/ns and the
corresponding estimated diffusion coefficient is 5.11x10™* A?/ns, which is 87.66 % higher than
the heating condition of electric field strength of 0.1 VV/A at 500 GHz frequency. After 2 ns of
heating at 0.5 V/A and 500 GHz, the slope of the MSD curve (Fig. 7, Phase-1l) increases
exponentially and approaches a value of 12.5 A?/ns; accordingly, the diffusion coefficient is
estimated 2.08 A%/ns which is the highest among all heating cases (Fig. 8). Generally, a change
of solid phase of the 3C-SiC structure to a liquid phase occurs up to 2.08 A%/ns [38]. Therefore,
to understand the change in an atomistic arrangement of the 3C-SiC structure during
microwave heating, the temporal density profile distributions of the 3C-SiC system were
plotted at 0.5 /A and 500 GHz and the generated plot is shown in Fig. 9.
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Fig. 9. Temporal density distribution profile of 3C-SiC molecules along x-direction at E field strength
0.5 V/A and frequency 500 GHz.

It is apparent from Fig. 9 that microwave exposure of the 3C-SiC up to 5 ns at 0.5 /A and 500
GHz distorts crystallographic arrangement of the 3C-SiC system by broadening the density
peaks, whereas the density peaks were nearly well arranged up to 2 ns of microwave exposure.

Table. 2. Number of molecules at specific distances at different time

Distance | No. of molecules in Time (ns)
(A) 0 1 2 5
-15 36 33 22 10
-10 34 37 27 15

-5 35 35 21 12
0 38 38 24 12
5 33 39 23 15
10 39 38 23 12
15 38 36 24 13

Number of molecules present at specific distance -15, -10, -5, 0, 5, 10 and 15 during MW
exposure to the 3C-SiC system at different time intervals 0, 1, 2 and 5 ns are presented in Table
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2. With reference to the initial configuration, the total number of molecules decreased by
around 75% during MW heating at 5 ns for all indicated distance (Table 2). It is in good
agreement with the higher value of diffusivity for microwave exposed 3C-SiC system at 0.5
V/A and 500 GHz (Fig. 8) and exponential change in phase of diffusion coefficient values.

In the present study, although a high electric field strength of 0.5 /A at 500 GHz frequency is
used in the MD simulation of 3C-SiC, the observed rapid heating of 3C-SiC in simulation
results eventually aligns with the experimental observations reported by researchers while
heating of 3C-SiC [48,49]. The relevant literature demonstrates that the experimental studies
reported for microwave heating of materials are mostly limited to monitoring of the
temperature, post-experimental observations for assessment of the microwave heating effects
on material. On the other hand, the presented study provides valuable insights into the rapid
heating phenomena at atomic level, i.e., structural changes in SiC due to conversion of SiC
from the solid phase to the liquid phase. Moreover, it is usual to use high electric field strength
and frequency for microwave heating of materials during MD simulation [20,24,33]. This

approach is generally practical to overcome the limitations of current computational resources.

4. Conclusions

In the present work, simulation of microwave heating of 3C-SiC system was carried out using
molecular dynamics simulation at different electric field strengths and frequencies. The
following can be concluded from the study —

e Rapid microwave heating of the system was observed at higher electric field strength
(0.5 V/A) and high frequency of 500 GHz.

e A numerical relationship has been developed to predict the thermal response of bulk
3C-SiC system during microwave exposure at different electric field strengths and
frequencies.

e The increased diffusion coefficient values from 5.11 x 10* A%/ns to 2.08 A%/ns for 5 ns
of microwave heating revealed the physical phase change of 3C-SiC.

e Atelectric field strength of 0.5 V/A (Phase 1) and frequency of 500 GHz, the physical

state of the system has changed by nearly 75% relative to the initial structure.

The outcomes of this study will support future efforts to design hybrid microwave heating
setups for advanced material processing operations on metallic and non-metallic work

materials.
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