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ABSTRACT: Although a variety of methods to predict the effective
thermal conductivity of porous foams have been proposed, the
response of such materials under dynamic compressive loading has
generally not been considered. Understanding the dynamic thermal
behavior will widen the potential applications of porous foams and
provide insights into methods of modifying material properties to
achieve desired performance. Previous experimental work on the
thermal conductivity of a flexible graphene composite under
compression showed intriguing behavior: the cross-plane thermal
conductivity remained approximately constant with increasing
compression, despite the increasing mass density. In this work, we use molecular dynamics (MD) simulations and finite element
analysis to study the variation in both the cross-plane and in-plane thermal conductivities by compressing isotropic graphene foams.
We have found that, interestingly, the cross-plane thermal conductivity decreases with compression while the in-plane thermal
conductivity increases; hence, the dynamic thermal transport of the graphene foam becomes anisotropic with a significant anisotropy
ratio. Such observations cannot be explained by the conventional effective medium theory, which describes the increase of thermal
conductivity to be proportional to mass density. Thus, we propose a model that can describe such anisotropic effective thermal
conductivity of highly porous open-cell media during compression. The model is validated against the MD simulations as well as a
larger-scale finite element simulation of an open-cell foam geometry.
KEYWORDS: dynamic thermal response, anisotropic thermal conductivity, graphene foam, molecular dynamics, uniaxial compression

■ INTRODUCTION
Porous foam materials have gained increasing attention, both
commercially and in the research setting, due to their wide
range of engineering applications. For example, metal, ceramic,
and rigid polymer foams are common materials for the core of
sandwich panels for aerospace and automobiles due to their
light weight and superior energy absorption capabilities in
impact.1−3 In heat and mass transfer applications, metal foams
have shown potential in heat sinks and heat exchangers and for
enhancing the thermal transport performance of composites
(such as with phase change materials4), while polymer foams
are generally good thermal insulation materials due to their low
bulk thermal conductivity and high porosity.5−7 In many of
these applications, the foam materials are under tensile or
compressive loadings, and it is crucial to understand the
thermal transport behavior of the foams under such loading.
While much research has been conducted on the dynamic
mechanical response of a variety of foams,8−12 only a few
focused on the dynamic thermal behavior of porous media
through experiments,13,14 which show enhanced thermal
conductivity in both the in-plane and cross-plane directions
under compression. On the other hand, no effective model or
theory has been developed to describe such behaviors. In past

studies, the effective thermal conductivity of as-fabricated
porous media can be predicted by numerous methods and
models, including effective medium theory (EMT),15−17 finite
volume method or finite element methods for solving heat
diffusion equation,18,19 the lattice Boltzmann method for
solving the Boltzmann transport equation,20 and machine
learning methods.21 The effective thermal conductivity of static
porous foams can be reasonably well predicted using these
methods, and one may naturally assume they can also be used
to describe the change in thermal conductivity due to the
deformation of structure under compressive loading. However,
this assumption has not previously been checked.

Recently, we measured the change in thermal transport of a
compressed, flexible, open-pore graphene composite foam with
increasing uniaxial compressive strain and demonstrated the
potential for a continuous thermal switching behavior.22
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Figure 1. (a) Domain for the MD simulations. Each side of the cubic graphene foam is approximately 12.2 nm. (b) Examples of a slice of foam with
thickness of 1 nm in the y-direction at several levels of compression in the z-direction. Pores structures are outlined at each of the different
compression states. (c) Stress−strain relation of our graphene nano-foam compared with the response of hole-flake network graphene foam in Pan
et al.24

Figure 2. (a) Convergence of thermal conductivities calculated using the EMD approach. (b) Results from MD simulations show increasing
thermal conductivities in the in-plane directions with decreasing thickness, which follows the prediction of EMT, and decreasing thermal
conductivity in the cross-plane direction with decreasing thickness, which agrees with the proposed spring model. Note the spring model and the
EMT model overlap for the in-plane direction.
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Limited by the available measurement method, we measured
the thermal conductivity and conductance of the graphene
composite foam only in the same direction as the applied
compression (here called the “cross-plane” direction). The
thermal conductivities in the other orthogonal directions (here
called the “in-plane” directions) during compression have not
been measured or theoretically predicted. It is likely that
compression in one direction would impact heat conduction in
the in-plane direction, but such impact is unclear. Here, we
evaluate both the cross-plane and in-plane dynamic thermal
behavior of a compressed graphene-based foam through
computational methods. We simulate a cube of a model
foam composed of pure graphene using molecular dynamics
(MD) and calculate its thermal conductivity in each of the
three orthogonal directions. Our simulations show, interest-
ingly, remarkable anisotropic behavior of thermal conductivity
of the compressed foam, which differs from the prediction of
EMT and the previous experiments reported in the literature.
Based on the highly porous and flexible nature of our foam
system, we propose a model that describes the dynamic
thermal behavior of highly porous foams that deform under
compression. Finally, we further validate the model using the
finite element method simulation of a larger-scale foam.

■ RESULTS AND DISCUSSION
The starting configuration of the pure graphene nano-foam
structures simulated in this work was adopted from ref 23. The
simulation domain is shown in Figure 1a. More details of the
MD simulation configuration are described in the Methods
section.

A slice of foam under three different compression states is
shown in Figure 1b with the outline of a few pores highlighted
at each compression level for easy observation of the
deformation with increasing strain. Since the foam is three-
dimensional and contains a large portion of void space at its
uncompressed free-standing state, the deformation of pores is
not limited to the direction of the uniaxial loading and the pore

size change is not accurately captured from viewing a single
thin slice. Nonetheless, the slices in Figure 1b assist in
understanding the geometry of the simulation domain and its
evolution under compression. The stress−strain relation under
compressive loading is shown in Figure 1c in comparison to a
hole-flake network graphene foam model.24 The responses
agree in general, while the small difference could be due to
different mass densities and topologies of foam models.

Figure 2 shows the predicted thermal conductivities in the
two in-plane directions (k||,1 and k||,2) and the cross-plane
direction (k⊥) at different compression levels. Note that, at the
uncompressed state, the calculated thermal conductivities of
one of the in-plane directions (in-plane 1) and the cross-plane
directions were similar, but that of the second in-plane
direction (in-plane 2) was lower and had large uncertainty (as
calculated from 5 runs). This could indicate that the free-
standing foam is not perfectly uniform or isotropic in the
uncompressed state.

At the beginning of the compression process where the
strain is small (near the uncompressed thickness of 12 nm), the
thermal conductivity decreases in all directions with
compression. Such a decrease is not expected since the mass
density increases with increasing strain. According to the
conventional effective medium theory (EMT) for porous
media, thermal transport should be more efficient as more
thermal pathways are available with increasing mass density
such that thermal conductivity is inversely proportional to the
cross-plane thickness.

As the material is further compressed, the thermal
conductivity increases for the in-plane directions, which
becomes similar to the predictions of EMT, while the thermal
conductivity of the cross-plane direction remains lower than
the uncompressed state. We note in recent experiments13,14

that compression of an initially anisotropic aerogel increases
the thermal conductivities in both in-plane and cross-plane
directions. On the contrary, our work shows that the
compression of an initially isotropic foam would increase the

Figure 3. Schematic of spring model for cross-plane and in-plane cases at different compression states.
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in-plane thermal conductivity but decrease the cross-plane
thermal conductivity, resulting in a dynamic anisotropy that
does not exist initially. The evolution of thermal conductivity
and anisotropy is of distinct nature from that in references.13,14

In Figure 2b, the dashed line shows the EMT prediction based
on the average thermal conductivity (of the 3 directions) for
the uncompressed free-standing foam assuming the foam is
isotropic, while the shaded band shows the region of
predictions based on the range of thermal conductivities for
the three directions. However, EMT fails to explain the trend
observed for the cross-plane direction or to capture the
anisotropic behavior of the thermal conductivity for the
compressed porous foam.

To clearly explain the counter-intuitive behavior of the foam,
we propose a simplified spring model that captures the
essential thermal transport physics, by modeling the three-
dimensional (3D) foam as a one-dimensional (1D) spring with
the total length L between two plates of different temperatures,
as shown in Figure 3. Although it does not capture such details
like the change in coordination number of atoms or the exact
pore size, it has the benefit of extending the thermal transport
behavior in graphene foam to other foam-like media with high
porosity. We correspond foam ligaments with spring wires as
they are compressed. By assuming no new contacts are built
between foam ligaments, thermal transport along those
ligaments is similar to that in spring wire. Certainly, there
are defects in graphene foam and ligaments may fracture or
break under compression, which will reduce thermal
conductivity. In the scope of this study, these effects are not
considered in the spring model as they can significantly differ

among models based on choice of material, topology of
structure, speed of compression, etc.

We assume the spring wire has thermal conductivity km and
define the effective thermal conductivities between two plates
in uncompressed and compressed states as ku and kc,
respectively. In the cross-plane direction, the thermal
conductance in uncompressed and compressed states can be
expressed as

= =G
k A

y
k A

Lu
u s

u

m m

(1)

and

= =G
k A

y
k A

Lc
c s

c

m m

(2)

where As is the cross-sectional area of the hot and cold plates,
Am is the cross-sectional area of the metal wire, and yu and yc
are the distance between two plates in uncompressed and
compressed states, respectively. Since the pathway through
which heat flows in both cases is the wire of the spring that has
a constant true length (L), the thermal conductance remains
constant as the spring is compressed. For the cross-plane
direction (i.e., the direction of compression and heat flow
align), the distance between the heat source and sink decreases
while the conductance and cross-sectional area of the plates are
constant, resulting in an effective thermal conductivity that
decreases with increasing compression. The predicted thermal
conductivity by spring model, therefore, decreases despite the
increased mass density of the compressed state.

Figure 4. (a) Model of graphene foam based on a tetrakaidecahedron frame used for the FEM simulations. (b) Example of the temperature
gradient of the FEM model. (c) Normalized results from the FEM model compared to the spring model and side view of the model at 50, 30, and
0% strain (corresponding to normalized thicknesses of 0.5, 0.7, and 1.0). The trends in normalized thermal conductivity agree well, and the
deviation in magnitude may be due to the shrinkage of ligaments in the FEM approach that leads to more efficient thermal transport. Both in-plane
directions yield identical results due to the model symmetry.
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For the in-plane direction, the distances for heat transfer in
the compressed and uncompressed states (xc and xu) remain
equal and constant, while the cross-sectional area As decreases
due to compression, resulting in a larger effective thermal
conductivity at increasing strain, which agrees with EMT. In
Figure 2b, the spring model, shown in dashed and dash-dotted
line, accurately predicts the change in thermal conductivity in
both cross-plane and in-plane directions.

The difference between the simulation results and spring
model is partly due to the uncertainties in the simulation. The
foam composed of a single layer of carbon atoms is very
flexible and there are hanging foam branches that move freely
in the cavity as we perform equilibrium molecular dynamics
(EMD) calculations. The instability causes the thermal
pathway in the foam to change at each timestep. We believe
that extending the simulation time and performing a time
average on the calculated thermal conductivity could eliminate
this effect. Due to the computational cost, however, the
simulation time is limited here. Additionally, the spring model
relies on the assumption that the thermal pathways remain the
same at different compression levels. Thus, it will only be
accurate for predicting the thermal conductivity of compressed
porous foams when there are minimal new connections
between ligaments due to structure deformation during
compression. Therefore, the spring model should accurately
predict the behavior of foams that are highly porous or until
the strain is large enough for new ligament connections to
build more efficient thermal pathways. Further, note that the
spring model does not include convective or radiative thermal
transport and their changes due to compression. In our MD
simulation, convection was not considered and radiation was
negligible compared with conduction in the foam.

To further investigate the applicability of the spring model,
we consider a larger length scale using the finite element
method (FEM) and compare it to the spring model. The
structure is a tetrakaidecahedron frame (see Figure 4a), which
has previously been used to model graphene foams fabricated
using the chemical vapor deposition (CVD) method in other
analyses.25,26 The pore size of the model is consistent with the
pore size of the graphene/polydimethylsiloxane (PDMS)
composite foam used in our previous work.22 Since this
simulation is intended only as a validation of the spring model,
we use arbitrary material properties and compare the
normalized thermal conductivities with spring model pre-
dictions.

As described above, the spring model predicts thermal
conductivity that linearly decreases with strain applied in the
cross-plane direction and increases inversely proportional to
the strain applied in the in-plane direction provided
compression does not add contacts between ligaments. Figure
4 shows the results from steady-state thermal simulation for
the open-cell foam structure compared to the spring model
predictions. Data are normalized to the thermal conductivity at
the uncompressed state. Due to the symmetry of the model,
the results for only one in-plane direction are shown. The
trends in both directions follow the spring model prediction,
but with a small deviation in magnitude. We suspect that due
to the deformation of the frame during compression, the
thickness and length of the ligaments change, resulting in
variation in thermal conductance. A small increase in the total
volume of the model is observed with increasing compression
strain. Since the model is under compression, the length of the
ligament tends to shrink and the thickness of the ligament will

increase with increasing volume. It results in a wider thermal
pathway with less thermal resistance, and hence a slight
increase in the calculated thermal conductivity compared to
the spring model.

■ CONCLUSIONS
The change in thermal conductivity due to compressive strain
in pure graphene foams differs between the cross-plane and in-
plane directions. The effective thermal conductivity decreases
in the cross-plane direction with increasing compressive strain
(despite increasing mass density), while it increases with
compression in the in-plane directions. Similar behaviors are
observed for both MD simulations and FEM approach for two
foam models at different length scales. This intriguing
anisotropic behavior cannot be explained by conventional
EMT of porous media. Therefore, we proposed a spring
model, which, by equating thermal conductance at different
compression levels, determines that thermal conductivity is
linearly proportional to foam thickness in the cross-plane
direction and is inversely proportional to thickness in the in-
plane direction. Since the spring model assumes the thermal
pathway is independent of compression and remains
unchanged, it does not include effects due to the newly
established thermal pathway or other forms of thermal
transport between ligaments. This assumption limits the spring
model to foams with high porosity. The pure graphene foam in
MD simulation and foam ligament frame in FEM simulations
studied in this work are both highly porous, and the trends of
the spring model predictions match the simulation results well
in both in-plane and cross-plane directions. Our work reveals
that the structural change due to compression can lead to
unexpected outcomes, including reduced thermal conductivity
in the cross-plane direction and anisotropic thermal con-
ductivity, which are different from the conventional effects of
the growth density described by EMT. This new under-
standing will help enable the effective use of these materials for
applications with dynamic compressive loading.

■ METHODS
Molecular Dynamics Simulations. We use the equilibrium MD

(EMD) method to calculate both in-plane and cross-plane thermal
conductivities of the graphene foam structure. The graphene foam
atomic structure was adopted from ref 23. Briefly, the process to
model the foam structure in MD is inspired by the fabrication of
macroscopic free-standing graphene foam by coating graphene on
metallic scaffold using the CVD method. A single-layer graphene film
is formed on a random base structure that is later removed.

The simulation domain is a cube with sides of length 12.3 nm
containing 40,808 carbon atoms. The Tersoff potential27 is used to
describe the interaction between carbon atoms. The optimized
parameters provide improved fits to the measured thermal
conductivity of graphene27 compared to the original values.28 The
simulations are performed using a timestep of 0.5 fs. Periodic
boundary conditions are applied in all directions to eliminate
boundary effects. The simulations are performed in Large-scale
Atomic/Molecular Massively Parallel Simulator (LAMMPS).29

The system is first relaxed in an isothermal−isobaric (NPT)
ensemble using a Nose−Hoover thermostat. The stabilized foam is
then uniaxially compressed in the z-direction to desired thickness
while maintaining the same thickness in x- and y-directions. In this
work, we refer z-direction as the cross-plane direction, and x- and y-
directions as in-plane directions 1 and 2, respectively. The
compression process is achieved by remapping the atom position
according to changes in the dimensions of the simulation box. The
remapping of atoms is applied slowly, giving sufficient time for atoms
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to relax freely between each remapping step to avoid sudden buildup
of pressure in local areas. This process is performed in a canonical
(NVT) ensemble at 300 K. We then relax the system again for 0.5 ns
to stabilize the strained system before thermal conductivity
calculation.

The thermal conductivities at each compression state are calculated
using the Green−Kubo approach.30,31 The heat current can be
expressed as

= + · +
<

i

k
jjjjjjj

÷ ÷÷÷ ÷ ÷÷ ÷÷ y

{
zzzzzzzJ

V
E v F v v r1 1

2
( ( ) )

i
i i

i j
ij i j ij

(3)

where V is the volume of the system, E is the total energy per atom, v
is the velocity of each atom, F is the pair-wise force between atom i
and j obtained by interatomic potential, and r is the distance between
two atoms. The thermal conductivity at temperature T is calculated as

= ·k V
k T

J J t t
3

(0) ( ) d
B

2 0 (4)

where kB is the Boltzmann constant and t is the correlation time with
respect to which the HCACF is integrated. The autocorrelation
function is implemented using “fix ave/correlate” sampling every 10
timesteps. The time interval between two correlation points is a
multiple of 1000. The average of heat current is calculated every
10,000 timesteps. Figure 2a shows the convergence of calculated
thermal conductivity in each direction.
Finite Element Method. Unlike MD simulation in which thermal

properties can be calculated simultaneously with the system being
subject to mechanical loading, we separately simulate the mechanical
deformation in SolidWorks and the thermal transport in COMSOL
Multiphysics. Specifically, the original model is first compressed to
desired thickness in a mechanical simulation. Note that the deformed
model produced in the mechanical simulation has internal stress due
to strain by compression, but this effect is not explored here.
Exporting the deformed model to a thermal simulation that does not
consider the mechanics then allows for the computation of thermal
conductivity. For the steady-state thermal simulation, one end of the
structure is maintained at 300 K and a fixed heat flux is applied at the
opposite end. The thermal conductivity is then calculated by Fourier’s
law. The thermal simulation is repeated with the temperature
difference applied in the in-plane directions.
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