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Non-equilibrium molecular dynamics study of nanoscale thermal contact resistance

Heng Xiang, Pei-Xue Jiang* and Qi-Xin Liu

Key Laboratory for Thermal Science and Power Engineering of Ministry of Education, Department of Thermal Engineering, Tsinghua

University, Beijing, P. R. China

(Received 25 October 2007; final version received 27 March 2008 )

Interfaces play an important role in microscale and nanoscale heat transfer processes with molecular dynamics (MD)

simulations often used to study these interfacial phenomena. In this study, two models were used to simulate thermal

conduction across micro contact points and the thermal contact resistance using non-equilibrium molecular dynamics

simulations with consideration of the near field radiation. When the ratio of the length of the micro contact to the length

of the conduction region is less than 0.125, the influence of the near field radiation should be considered; but when

the ratio is larger than 0.2, it can be neglected. When the computational domain sizes are 8.50 £ 10.62 £ 8.50 nm

and 10.62 £ 10.62 £ 10.62 nm, the MD results show that the thermal contact resistance exponentially increases with

decreasing area of the micro contact point and increases with increasing micro contact layer thickness. The MD thermal

contact resistances in nanoscale are much larger than that of the classical thermal analysis since the material thermal

conductivity reduction is ignored in the classical model. The results also show that material defects increase the

thermal resistance.

Keywords: thermal contact resistance; molecular dynamics; micro contact; near field radiation

1. Introduction

The continuing demand for integration and microminia-

turisation is pushing the evolution of material science

and technology. With the development of improved

synthesis and fabrication technologies, the characteristic

lengths of electronic and mechanical devices are

approaching nanometer scales which increase the

power dissipation per unit area. Scientific understanding

of nanoscale thermal transport mechanisms can help

improve device thermal management. Besides, the

material thermal conductivity, the interface structure

also plays an important role in microscale and nanoscale

heat transfer.

When heat flows across an interface between two

different materials, there will in general be a macro-

scopic temperature discontinuity at the interface. The

thermal resistance which occurs at the interface when

heat flows from a solid into liquid helium was originally

called Kapitza resistance with this name later applied to

any heat flows from a solid into a liquid or into another

solid. The two current theoretical models of the

interfacial resistance for phonon-mediated thermal

transport are the acoustic mismatched model (AMM;

[1]) and the diffuse mismatched model (DMM; [2]). Both

models attempt to describe how and why phonons are

interrupted at interfaces. The difference between these

two models is that the AMM assumes specular

interactions at a smooth interface while the DMM

assumes diffuse scattering at a rough interface. Another

powerful tool to study these interfacial phenomena is the

molecular dynamics (MD) method. Maiti et al. [3] used

non-equilibrium molecular dynamics (NEMD) simu-

lations to calculate the Kapitza resistance of Si grain

boundaries and to demonstrate that local equilibrium can

be achieved in small numbers of atomic layers over long

simulation runs. Volz et al. [4] used equilibrium molecular

dynamics simulations to investigate the interfacial effects

in silicon–germanium superlattices and discovered that the

strain greatly affects the overall thermal conductivity of the

superlattices. Abramson et al. [5] carried out NEMD

simulations to study how various factors affect the thermal

conductivity of bi-material thin films containing one or

more solid–solid interfaces. Twu and Ho [6] analysed the

impact of interface disorder on the Kapitza resistance.

Schelling et al. [7] computed the Kapitza resistance of three

twisted grain boundaries in silicon using the NEMD

method. Stevens et al. [8] utilised NEMD to study the

Kapitza resistance between two face-centred cubic (FCC)

structured Lennard-Jones (L-J) crystals. Chen et al. [9] used

NEMD to calculate the lattice thermal conductivities of Ar

and Kr/Ar nanostructures to study the effects of interface

scattering, boundary scattering and elastic strain on the

lattice thermal conductivity. Choi and Maruyama [10]

investigated the thermal boundary resistance using NEMD
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and found excellent agreement with the results of the

updated C–M model.

However, all of above investigations only considered

the thermal resistance resulting from ‘perfect’ contact

between two dissimilar materials which some people call

the thermal boundary resistance. Actually, the interface

effects on the thermal transport are due to the different

properties of the dissimilar materials and the contact

geometry. Many nanoscale studies have analysed the

effect of the dissimilar material properties, but few have

focused on the effect of the geometry. Liang and Sun [11]

used a model with a staggered interface between two

materials to study the interface influence using the

NEMD method. Hegedus and Abramson [12] used

NEMD to study the thermal transport in heterogeneous

thin film systems, including layered systems and

nanocomposites. Liang and Sun [11] and Hegedus and

Abramson [12] both sought to understand the multi-

layered thin films used in microelectronic multi-layer

packages. Except for the multi-layered thin films,

‘imperfect’ contact normally occurs between surfaces,

for example, in porous media. Nanoscale porous media

have a very high specific surface area and are widely

used for catalytic reactions. Nanoscale porous media are

made of nanoparticles with ‘imperfect’ contact between

the particles which affects the heat transport.

The thermal resistance at an interface between two

imperfect surfaces is usually referred to as the thermal

contact resistance. Thermal energy is transferred

between the contacting bodies by: (i) conduction at the

micro contact points, (ii) conduction through the

interstitial fluid in the gap between the contacting solids

and (iii) thermal radiation across the gap [13]. This study

assumed no fluid in the limited interstitial spaces, so

there is no conduction through the interstitial fluid.

Generally, the radiation heat transfer is quite small and

can be neglected for surface temperatures up to 700 K

[13]. However, some recent research has shown that the

near field radiation intensity will be pronounced in

nanoscale systems [14]. Therefore, this study included

the effect of the near field radiation. This paper describes

two models for simulating conduction through the

interface contact points to calculate the thermal contact

resistance using NEMD simulations.

2. Physical model and MD simulation method

Figure 1, shows a scanning electron microscope (SEM)

photograph of a porous media made of sintered copper

particles. The figure shows the actual micro scale contact

areas between particles. There are many nanoscale size

gaps between particles.

The nanoscale thermal contact resistance was studied

using the MD method by replacing the real contact

geometry by an ideal geometry. The material contact was

simplified to the model shown in Figure 2 with one

representative part selected for modelling. The four

blank squares simulate gaps between the contacting

surfaces. The region marked by the dashed line was used

for the analysis.

Two models were constructed for the MD simu-

lations to investigate the thermal contact resistance.

Figure 3, shows the model I which was divided into six

segments with three sets of stationary atoms, a cold bath,

a hot bath and an inner segment with regular atoms. The

stationary atoms at each end of the model were used to

keep the simulated material from evaporating and

escaping into the vacuum. Their positions were never

updated after initialisation, but their presence was

considered during the force calculations. The regions

with the hot and cold atoms were defined as temperature

baths to control the temperature via velocity rescaling, so

a temperature gradient was imposed along the length of

the lattice (y-axis). The region with the regular atoms was

the conduction region, with a selected layer of atoms in

the middle of the conduction region set as stationary

atoms to simulate gaps with only a small contact region

between regular atoms in the centre. Periodic boundary

Figure 1. SEM photograph of a sintered porous media.

Figure 2. Physical model of the thermal contact resistance.
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conditions were used in the x- and z-directions. The

coordinate system origin was set at the centre of the

model.

Figure 4, shows the model II used for the MD

simulations. The model was divided into five segments

with two sets of stationary atoms, a cold bath, a hot bath

and an inner segment with regular atoms. The difference

between these two models is that the stationary atoms in

the middle of the conduction region in the first model

were removed in the second model to create a ‘vacuum’

for the gaps in the materials.

The thermal contact resistance problem is compli-

cated because many factors affect the thermal resistance

[13]. In this study, only the size of the contact region

which is surrounded by stationary atoms or a vacuum

was varied to simulate various contact geometries and to

investigate their effects on the thermal contact resistance.

For all cases, the overall thermal resistance of the

entire structure, RS, was analysed using a simple series

resistance calculation involving the thin film thermal

resistance, RF and the contact thermal resistance, RC,

resulting from the ‘disturbance’. That is

RS ¼ RF þ RC: ð1Þ

According to the thermal resistance definition, R ¼

DT=Q and RS is given by

RS ¼
2nDtDT

DEk; in þ DEk; out

; ð2Þ

where DEk; in is the heat inflow to the hot region,

DEk; in ¼
1

2

XnTC

j¼ 1

XNhot

i¼ 1

m v2
i; new 2 v2

i; old

� �
;

and DEk; out is the heat outflow from the cold region,

DEk; out ¼
1

2

XnTC

j¼ 1

XNcold

i¼ 1

m v2
i; old 2 v2

i; new

� �
;

where Nhot and Ncold are the number of molecules in the

hot and cold temperature control layers and nTC is the

total number of velocity scalings over the period of one

run. Dt is the time interval, n is the total number of

simulation steps and DT is the temperature difference

between the cold and hot ends.

An instantaneous temperature was calculated from

the planar average of the kinetic energy of the atoms

Figure 3. The model I for the MD simulations. The white and dark-gray atoms belong to the hot and cold baths, the light-gray atoms
belong to the conduction region and the black atoms are stationary atoms. The right figure is a central plane sectional view of the left
figure.

Figure 4. The model II for the MD simulations. The white and
dark-gray atoms belong to the hot and cold baths, the light-gray
atoms belong to the conduction region and the black atoms are
stationary.
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in each x–z-plane such that

TMD ¼

XN
i¼ 1

mivi

* +

3NkB

; ð3Þ

where kl denotes statistical averaging over all of the

simulation time, m is the mass, v the atom speed, N is the

total number of atoms in the specific x–z-plane and kB is

Boltzmann’s constant. Equation (3) is a classical formula

valid only at very high temperatures (T q TDebye), where

TDebye ¼ 92 K is the Debye temperature for argon. In this

case, the system average temperature (T ¼ 25 K) is lower

than the Debye temperature, so a quantum correction

must be applied. Because the system energy from

classical statistics should be equal to that from the

quantum description

3NkBTMD ¼

ðvD

0

DðvÞnðv; TÞ"vdv; ð4Þ

where the right-hand side represents the total phonon

energy in the system, D is the density of states, v is the

phonon frequency and n defines the phonon occupation

number. Equation (4) can then be used to deduce the real

system temperature T appearing in function n. Since DT

is involved in Equation (2), RS should be rescaled by the

DT/DTMD obtained from Equation (4). Volz et al. [4],

demonstrated that the quantum correction changes the

absolute value of the temperature, but the relative value is

not obviously affected when the temperature is away

from zero. Thus, the quantum correction does not have a

significant influence on the results for RS and DTMD can

be used directly in Equation (2).

In the simulations, the desired hot and cold bath

temperatures were maintained by periodically adjusting

the atomic velocities.

vi; new ¼ vi; old

ffiffiffiffiffiffiffiffiffiffiffiffi
Td=Ti

p
; ð5Þ

where Td is the desired temperature and Ti is the

instantaneous temperature. Note that Equation (5) does

allow for some net change in momentum during a single

time step, but the net momentum change vanishes because

of averaging over an adequate time period. In this study,

the velocities were adjusted every 10 time steps.

A true representation of the intermolecular potential

is critical in these MD simulations, so all the simulations

used argon as the material due to the availability of a

good intermolecular potential for argon. All the atomic

interactions were described by the widely accepted L-J

12-6 potential model:

uðrÞ ¼ 41½ðs=rÞ12 2 ðs=rÞ6�; ð6Þ

where r is the distance between two atoms, 1 is the well

depth parameter and s is the equilibrium separation

parameter. The cut-off radius, rc, was set to 2.5 s.

The force experienced by an atom due to the presence of

another atom is simply the first derivative of Equation (6).

Newton’s equations of motion is used to relate the force

and the atom acceleration The commonly employed

velocity Verlet algorithm [15] was used with the

acceleration expressed in terms of velocity, position and

time and the solution then marched in time. To increase

the precision of the computations, the standard LJ

non-dimensionalisations were used for the parameters in

the simulations [15]. A revised version of the Large-scale

Atomic/Molecular Massively Parallel Simulator

(LAMMPS) program [16] was used for the simulations.

The condition was similar to those in Chantrenne and

Barrat’s paper [17]. The critical input parameters for all

the simulations are listed in Table 1.

The time step must be carefully chosen in MD

simulations. If the time step is too small, the simulations

will take too long to reach steady state. If the time step is

too large, the details of the atomic movements will be

lost and the phonon behaviour will not be accurately

captured. In all these simulations, the time step was

1 £ 10214 s (10 fs), which reduces the computer time to

a reasonable level while providing reasonable detail of

the atom and phonon behaviour. A few simulations of the

nanoscale thermal conduction were conducted with

different time steps to confirm that 10 fs was sufficiently

small to give accurate results, with the results in Table 2

showing that the results are accurate for 10 fs. To get

reliable results, the simulations were run 5 £ 105 steps,

which is a total of 5 ns. After the heating and cooling

were initiated, the system was allowed to reach steady

state conditions in the first 1 £ 105 steps, with the

temperature distribution and heat flux calculated during

the next 4 £ 105 steps. The relative energy error over the

entire simulation period did not exceed 0.05% once the

system reached steady state.

The dimension parameters used in the simulations

are listed in Table 3. The corresponding computa-

tional domain sizes were 8.50 £ 10.62 £ 8.50 nm

and 10.62 £ 10.62 £ 10.62 nm (x– z-directions).

The two domains included 20,480 and 32,000 molecules.

To facilitate the data reduction, two dimensionless

Table 1. Parameters used in all simulations.

Parameter Value

LJ well depth 1.67 £ 10221 J
LJ equilibrium separation 3.4 £ 10210 m
Boltzmann’s constant 1.38 £ 10223 J/K
Argon atomic mass 6.64 £ 10226 kg
Lattice constant 5.28 £ 10210 m
Time step 1 £ 10214 s
Hot region temperature 27 K (T* ¼ 0.2254)
Cold region temperature 23 K (T* ¼ 0.1920)
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parameters, c1 ¼ Sa/Sb and c2 ¼ La/Lb, were introduced

to describe the area and thickness of the micro contact

region, where Sa and La are the area and thickness of the

contact region and Sb and Lb are the area and thickness of

the regular region as illustrated in Figure 5. The size of

the contact region was varied to give different contact

geometries to investigate the thermal contact resistance

variations with the contact geometry.

3. Results and discussion

Figures 6 and 7 show representative snapshots of the

micro contact region whose size was 10 £ 6 £ 10 cell

lengths (x–z-directions) in models I and II, including

front and side views, at step 5 £ 105. The outer squares

and rectangles in Figures 6 and 7 indicate the sampling

region, while the inner squares indicate the initial

position of the regular atoms in the micro contact region.

The atom colours vary from blue to red to indicate atomic

kinetic energies from low to high. Figure 6 for model I

shows that the atoms maintain the initial FCC structure

with few changing positions. However, in Figure 7 for

model II, the situation is different with the initial

structure changed some what with some atoms even

leaving their initial positions and escaping into the

vacuum. This phenomenon is equivalent to the

interatomic distance change and some partial inflation

occurs.

The simulation region was divided into many layers

having one unit cell thickness in the y-direction with each

layer being a plane, with 1024 or 1600 atoms per layers.

Maiti et al. [3], showed that these numbers of atoms are

adequate to calculate the local temperature over long

simulation runs. The temperature distribution along the

y-direction was obtained by summing the kinetic energies

of the atoms in each plane. Figure 8, shows representative

dimensionless temperature distributions in the y-direction

for models I and II, for the micro contact region of

10 £ 6 £ 10 cell lengths (x–z-directions) and the domain

region of 20 £ 16 £ 20 cell lengths (x–z-directions).

The results in Figure 8 show that the temperature

distributions predicted by model I and model II are

similar with some small differences. The temperature

gradients in both models increase significantly in the

contact region which will increase the heat flux. The heat

fluxes increase because the conduction cross-sections

both shrink in two models in the contact regions.

The slight difference between the results for the two

models is that the temperature gradients in the two

models are slightly different in the contact region and the

temperature jumps in the two models are also slightly

different at the ends of the contact region.

The temperature distribution along the y-direction

indicates the local heat transfer ability. If the temperature

gradient is high, the local heat transfer rate is relatively

low. Therefore, the results in Figure 8 indicate that the

local heat transfer rate in the contact region of model II is

appreciably lower than that of model I. These differences

Table 2. Predicted overall thermal resistances for various
time steps.

Time step (fs) Normalised value of RS

10 1
5 0.998481
1 0.994173

Table 3. Geometric parameters.

Parameter Value

Fixed atom wall thickness 2 unit cells
Hot bath thickness 2 unit cells
Cold bath thickness 2 unit cells
Regular region thickness 16 unit cells
Cross-section size
(x–z-directions) 16 £ 16 and 20 £ 20 unit cells

Figure 5. Diagram of Sa, Sb, La and Lb.

Figure 6. Snapshot of the micro contact region in model I.
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arise from the different models used in model I and

model II, with the partial inflation in model II creating

more thermal resistance which reduces the local heat

transfer rate.

Some recent research has shown that the near field

radiation intensity is pronounced in nanoscale systems

[14]. Thus, if the gaps between the materials are thin

enough, the heat flux will become very large and the heat

transfer due to the near field radiation will be a large

proportion of the total heat transfer in the system. If the

near field radiation is neglected, the heat flux will be

reduced and the thermal conductivity will be under-

estimated. The heat flux between two parallel planes [14]

can be expressed as:

Q ¼

ð1
0

½Q12ðvÞ þ Q21ðvÞ� dv; ð7Þ

where Q12 is the monochromatic radiation intensity and

v is the frequency. Q12 for a dielectric plane is

Q12 ¼
hck 3

8p3½expðhkc=2pkBT1Þ21�

0:6806

p2y2
þ
mðmþ1Þ

y2

� �
;

ð8Þ

where h is Planck’s constant, c is the speed of light, k is

the wave number, T is the surface temperature, y is a

nondimensional number and m ¼ int ðyÞ. From

Equations (7) and (8), when c2 is equal to 0.125 (the

gap thickness is 1.06 nm) as in this study, the heat flux

due to the near field radiation will approach

7.0 £ 106 W/m2. Thus, considering the area ratio for

radiation and conduction, the maximum ratio of the near

field radiation and the conduction heat fluxes is 40%.

When c2 is larger than 0.2, the influence of the near field

radiation on the total heat flux becomes insignificant (less

than 2%). Therefore, the near field radiation was

included in the analyses when c2 was less than 0.2.

From the classical thermal analysis of a heat source in

a half-space, the spreading resistances for isothermal and

isoflux boundary conditions are Rs; isothermal ¼ 1=4 and

Rs; isoflux ¼ 8=3p2 ka [13]. Real contact geometries have

many micro contact points with various sizes, so a con-

striction parameter and correlation were developed to

account for the interference between neighboring micro

contact points. When two identical constriction and

spreading resistance are in series, Roess [18] suggested

the expression R ¼ cð1Þ=2ksa, where, ks ¼ 2k1k2=
ðk1 þ k2Þ is the harmonic mean of the thermal

conductivities and 1 is the constriction parameter. In

the next discussion, Gibson’s factor correlation [13] was

selected for the classical thermal spreading resistance.

Since, the absolute values of the nanoscale thermal

contact resistance are not intuitive, the ratio of RC to RF is

introduced to describe the results. Though the thin film

thermal conductivity varies with the film thickness and

the film average temperature, the film thickness and the

film average temperature are equal in the corresponding

thermal contact resistance models, so RF can be used as a

reference for the variations of RC. For the same

simulation conditions and the 16 unit cell thickness, the

film thermal conductivity simulation result was about 42

(in LJ units). This result agrees well with that in

Chantrenne and Barrat [17] whose boundary condition

was free surfaces with dead atoms.

The variations of the ratio of RC to RF with c1 and c2

are illustrated in Figures 9 and 10. Figure 9, shows that

although the computational domain sizes and the

computation models differed, the variations of the ratio

of RC to RF are similar with the ratio decreasing at nearly

same rate with increasing c1 for different domain sizes

in the same model when c2 is held constant with little

difference between the results of models I and II.

Figure 7. Snapshot of the micro contact region in model II.

–15 –10 –5 0 5 10 15

0.20

0.21

0.22

0.23

contact region

model I
model II

cold
bath

hot
bath

T
*

y*(σ)

conduction region

Figure 8. Dimensionless temperature distribution along the
y-direction.

H. Xiang et al.684

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
3
5
 
1
4
 
J
a
n
u
a
r
y
 
2
0
1
1



The results also show that the thermal contact resistance

increases exponentially with decreasing c1 and is very

large when c1 is quite small. When c1 is less than 0.1, the

ratio of RC to RF exceeds 5. The dashed line in Figure 9 is

the value of (1 2 c1) which is the ratio of the

‘disturbance’ area to the regular region area (domain

cross-sectional area). When c1 is larger than 0.5, the ratio

of RC to RF is close to (1 2 c1), but when c1 is smaller

than 0.5, the ratio of RC to RF is much larger than

(1 2 c1). Thus, the heat transfer rate decrease is not

linearly related to the contact region area decrease,

especially when the contact region area is smaller than

half of the system area. The solid line in Figure 9 is the

result of the classical thermal analysis [13] which are

much smaller than the MD simulation results. Figure 10,

shows that the ratio of RC to RF increased uniformly with

increasing c2 when c1 was held constant. In model I, the

ratio increases at nearly the same rate for different

domain sizes, but in model II, there are some fluctuations

in rate of increase.

According to kinetic theory, the thermal conductivity

of a dielectric material is given by

k ¼
1

3
cvvl; ð9Þ

where cv is the specific heat capacity of a phonon, v is the

phonon velocity in a material and l is the phonon mean

free path between phonon scattering events. When the

material and the state point are selected, there is little

variation of cv and v and k is proportional to the phonon

mean free path.

The phonon transfer process can be described as in

Figure 11. The empty region represents the conduction

region (regular atom region), the cross-hatched regions

represent the gaps, the solid lines with arrows represent

the phonon paths and the dashed lines with arrows

represent the phonon paths after interactions with the

boundary or partial inflation. The boundaries cause

specular and scattered reflections (such as approaching

the fixed atom wall), diffuse scattering caused by partial

inflation (the partial inflation is indicated by circles),

constriction along the phonon path, etc. The reflection,

scattering and constriction can all intensify the phonon

collisions and reduce the phonon mean free path. From

Equation (9), when the phonon mean free path decreases,

the material thermal conductivity will decrease.

In Figure 9, the ratio ofRC toRF increases with decreasing

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

2

4

6

8

10

12

model I(16*16)
model I(20*20)
model II(16*16)
model II(20*20)

R
C

/R
F

c1

0

Figure 9. Variation of thermal contact resistance with c1

(c2 ¼ 0.125) for domain cross-sections (x–z-directions) of
16 £ 16 and 20 £ 20 unit cells. The dashed line is the value of
(1 2 c1). The solid line is the result of the classical thermal
analysis [13].

0.1 0.2 0.3 0.4 0.5 0.6 0.7

1
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3

4

5

0

model I(16*16)
model I(20*20)
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R
C

/R
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c2

Figure 10. Variation of thermal contact resistance with c2

(c1 ¼ 0.25). Figure 11. Sketch of phonon transfer.
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c1. A reduced c1 will: (i) increase the blocked area

and intensify the phonon reflections on the obstacles, and

(ii) restrict the phonon paths. These two factors will both

increase the phonon collisions. The results of the classical

thermal analysis are much smaller than the MD simulation

results. Both macro and classical thermal analyse consider

only the geometric effect on the heat flux without

considering changes of the material thermal conductivity

caused by phonon reflection, scattering and constriction.

When the contact area is large, the thermal conductivity

reduction is small and can be ignored, but in nanoscale

systems, the change in the heat flux caused by the thermal

conductivity reduction will be a large proportion of the

overall change and should be considered. In Figure 10, the

ratio of RC to RF increases with increasing c2 because the

phonon collision probability increases when the phonons

are transmitted over longer distances in the narrow

channel. In addition, the results of model II in Figure 10

are all larger than the results of model I due to the partial

inflation phenomenon in model II, so the atomic

vibrations are not transmitted as in a normal material

which is equivalent to the phonon being scattered and the

mean free path being more reduced. Since the partial

inflation is stochastic, the mean free path reduction

brought about by the partial inflation will not be uniform,

so the thermal contact resistance in model II does not

increase at the same rate in Figure 10 as that in model

I. The phonon transmission will not be affected by the

partial inflation until the inflation reaches some level.

Thus, the thermal contact resistance of model II is not

larger than that of model I when c1 is less than 0.1.

From a macroscopic viewpoint, when two slabs

contact, the thermal contact resistance decreases with

increasing pressure on the slabs. The mechanisms are

that when the pressure is increased, material deformation

increases the micro contact area which increases c1 and

reduces the thermal contact resistance. Also, when the

pressure is increased, the material deformation reduces

the micro contact region length, so c2 and thermal contact

resistance decrease.

The actual physical situation described by these two

micro thermal contact resistance models is related to the

boundary conditions. The fixed atoms in the regions

embedded in the conduction region correspond to a

vacuum in a macro scale model since the fixed atoms

prevent the regular atoms from entering some regions,

which is quite similar to a vacuum. When a disturbance is

due to a ‘vacuum’, the corresponding actual physical

system is a material defect, so a vacuum disturbance

causes some changes in the atomic arrangement which is

similar to a material with defects. The results in Figures 9

and 10 show that in most cases the ratio of RC to RF for

model II is larger than that for model I. This means that the

material defects increase the thermal resistance, which is

consistent with previous studies [19].

4. Summary and conclusions

From a microscopic viewpoint, heat flows across a

contact interface by conduction at the micro contact

points, conduction through the interstitial fluid in the gap

between the contacting solids and thermal radiation

across the gap. This study analysed the conduction across

the micro contact regions and the thermal radiation. Two

models were constructed to simulate the conduction at

the micro contact points by NEMD simulations with two

types of obstacles employed to represent the gap between

two imperfect surfaces. One obstacle was represented by

fixed atoms with the other being a vacuum. The thermal

contact resistance variations with the contact geometry

were investigated by changing the size parameters of the

contact regions in the models. The L-J 12-6 potential

model was used to describe the interactions between

atoms with a revised version of the LAMMPS program

used for the simulations. The near field radiation was also

considered. The computational results show that when c2

is equal to 0.125, the ratio the near field radiation and

conduction heat fluxes is a maximum equal to 40%, so

the NEMD simulation results were corrected. However,

when c2 is larger than 0.2, the near field radiation

influence on the total heat flux becomes insignificant

(less than 2%) and can be neglected.

When the computational domain sizes are 8.50 £

10.62 £ 8.50 nm and 10.62 £ 10.62 £ 10.62 nm, the

simulation results show that the ratio of RC to RF

increases exponentially with decreasing micro contact

area and increases with increasing micro contact layer

thickness. This conclusion helps to explain the macro

thermal resistance increases with increasing pressure

since the material deformation caused by the increasing

pressure will increase the micro contact area and

reduce the micro contact region length, so c1 increases

and c2 decreases; therefore, the thermal contact

resistance decreases. The MD results are much larger

than that of the classical thermal analysis since the

effects of phonon reflection, scattering and constriction

on the material thermal conductivity reduction are

neglected in the classical thermal analysis. The results

also show that material defects will increase the

thermal resistance. In these models, the disturbances

due to the fixed atoms embedded in the conduction

region correspond to a vacuum in the macro world with

the ‘vacuum’ disturbances corresponding to defects in

the material.
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