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Multilayered oriented composites constituted from two materials of different thermal
conductivities are shown to have the ability to direct thermal energy. The composites behave as
effective media with anisotropic thermal conductivity. The guiding of the heat flux is shown
experimentally with bending angle ranging from 25 to the maximum possible value of 45 (for
the considered prototypical composites) with respect to a horizontal temperature gradient—in
excellent accord with theoretical estimates and computational simulations. Such thermal
metamaterials lay the basis for efficient manipulation of heat and for thermal elements, such as
C 2014 AIP Publishing LLC.
thermal concentrators and cloaks. V
[http://dx.doi.org/10.1063/1.4894387]

In an era where energy conservation seems to be of the
highest importance, the ability to control the direction and
propagation of thermal energy is of immense use for enhancing the efficiency of energy utilization. The ability to steer
the heat flux in a desired path requires materials with
anisotropic thermal conductivity, but most materials1 are isotropic. Given such limitations with natural materials, it
would be beneficial to engineer composite materials with
augmented attributes for the purpose of heat manipulation.
In this letter, we show how metamaterials fabricated through
relatively simple multi-layering procedures can be used for
thermal energy re-orientation.
The underlying principles for such thermal metamaterials have been previously discussed and it was shown
that geometric reconfiguration using “transformation
thermodynamics,”2,3 based on the inducement of thermal
anisotropy4 and material arrangement could be used for
re-direction of heat. Such approaches rely on a predictable
geometric modification of the original thermal conductivity5,6 and were motivated by ideas borrowed from those originally used for the modulation of electromagnetic wave
propagation.7,8 Concomitantly, an effective medium approximation (EMA) based approach to describe a multilayer composite in terms of an anisotropic thermal conductivity tensor
was also invoked.4 While transformation optics based
approaches may be adapted to thermal propagation, making
analogies of the Maxwell equations to the Fourier law of
heat conduction,9 where heat transport is diffusive,10 is not
apparent. Moreover, the effective medium approximation,
which considers a large wavelength/ structure length scale
ratio, as in the case of electromagnetic metamaterials, cannot
be readily adapted for diffusive heat transport.
Consequently, present electromagnetic metamaterial adapting efforts have resulted in structures operating for narrow
and well defined thermal wavelengths, e.g., at around 8 lm
corresponding to mid-infrared emission11 with poor
efficiency (<10%).12 Our aim then has been to devise a
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composite material that is broadband and can be easily fabricated. Moreover, the structures could be modular, i.e., an
assemblage of structures could be put together and perform a
compound function. Consequently, we have shown4 that
layering the materials through alternate stacking of two
sheets with nominally isotropic material thermal conductivities (of j1 and j2, respectively, with j1 > j2) would serve as
a paradigm for a thermal metamaterial.
For such a composite, it was predicted4 that the heat flux
bending angle (/) would be a function of the orientation of
the layers in the composite (h, with a value of zero corresponding to the horizontal and considered positive in the
counter-clockwise direction) as follows:
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It was noted that the / could be either positive, negative, or
zero with the implication that the heat flux could be directed
upwards, downwards, or propagated straight through, respectively, by varying the h. The magnitude of the / was shown
to be proportional to the j1 /j2 ratio at a given h, with higher
h values being more favorable. It should be noted that the /
was independent of relative thickness of the layers constituted by j1 and j2, as we considered the constituent layers of
the composite to be of equal thickness while deriving Eq.
(1). Additionally, it has been assumed that the in-plane radiative heat transfer between the metal fins was negligible,
based on the radiation flux calculated using the classical13
Stefan-Boltzmann formulations. Concomitant intriguing phenomena, where the direction of heat propagation was in a
different direction than that of the thermal gradient and negative refraction of heat flux,14 also followed from such formulations. While the original papers indicated such possibilities
and concepts, we show the experimental evidence for such
phenomena in this letter.
We indicate the results on two representative composite
samples for illustrating the (i) upwards, and (ii) downwards
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bending of the heat flux. Two different orientations of the
layers were used (with h ¼ þ45 and 45 , respectively)—
Figure 1. The composites were fabricated through an electrical
discharge machining (EDM) process, through which grooves
were cut on a base plate (length ¼ 5 cm, width ¼ 5 cm, thickness ¼ 0.25 cm) of, e.g., copper (j ¼ 390 W/mK), or stainless
steel (ASME304: j ¼ 16 W/mK) and the spacing/channels
filled with relatively lower thermal conductivity material, e.g.,
PDMS (poly-dimethylsiloxane, j ¼ 0.17 W/mK) or thermal
epoxy (j ¼ 1.4 W/mK), to yield a high j1 /j2 ratio. The large
length/width to thickness ratio (of 20) ensures that heat flow
can effectively be considered two-dimensional. A horizontal
temperature gradient was placed across the sample through a
hot side maintained using a controllable heater (typically
adjusted in the range of 10  C to 100  C) and the cold side
being a ice-water mixture, held at 0  C, while the top and bottom sides were insulated by using cork board. The temperature
distribution on the sample was profiled through an infrared
camera (FLIR 60) with the surface coated with high emissivity
(e ¼ 0.95) black paint to enhance the radiative signal. We first
report, through Figure 2, the results of the sample with the
layers oriented at h ¼ 645 (with stainless steel and thermal
epoxy being the two constituent layers with a total number of
layers, n ¼ 30). Such an n ensures that the assumptions made
under the EMA hold, in that a linear temperature gradient can
be assumed across the composite sample without regard to
the temperature variation across the individual layers.4
Computational simulations, ignoring end effects as well as
heat loss due to convection, were conducted using COMSOLV
Multiphysics based finite element modeling (FEM) and are
shown in the left panels, i.e., for (a) h ¼ þ45 and (c)
h ¼ 45 , with the corresponding experimental results in (b)
and (d) of the right panels. Given that the j1 /j2 ratio was
11.4, the calculated / from Eq. (1) was 25.9 , which corresponds very well to the values of 23 found through
experiment as well as FEM simulations. The heat flux (shown
through the white lines) propagates from the right (Thot) to the
left side (Tcold). The bending is essentially independent of the
specific temperatures used to maintain the temperature
R

FIG. 1. The layout of the EDM based composite samples with grooves
(mimicking one layer of the composite) on (a) stainless steel substrate with
h ¼ þ45 and (b) copper substrates, with h ¼ 45 —the spacing between
which is filled with a low thermal conductivity material.

FIG. 2. A comparison of the FEM based simulations (left panels) with
experimental results (right panels) of a h ¼ 645 composite, constituted of
stainless steel and thermal epoxy layers, with a j1 /j2 ratio of 11.4. For (a)
and (b), the temperature of right and left sides is maintained at Thot ¼ 30  C
and Tcold ¼ 0  C, respectively. For (c) and (d), Thot ¼ 50  C (right side) and
Tcold ¼ 0  C (left side), respectively. The heat flux contours are indicated
through the white arrows, with wiggles indicative of thermal flux refraction.

gradient. The wiggles in the heat flux are due to the successive
and periodic refraction14 of the heat flux at the interface of the
two materials. The angle of refraction at the interface of such
anisotropic metamaterials (as depicted in Figure 2) can be
quantitatively estimated through considering the diagonal as
well as the off-diagonal components of the thermal conductivity
tensor of the composite and the oblique angle of incidence.14
Figure 3 indicates an alternate implementation, with
h ¼ 645 , but now with a larger j1 /j2 ratio of 2300 and
using copper and PDMS as the two constituent layers
(n ¼ 34). Computational simulations are shown in the left
panels, i.e., for (a) h ¼ þ45 and (c) h ¼ 45 , with the corresponding experimental results in (b) and (d) of the right panels. The heat flux (shown through the white lines) propagates
from the right (Thot) to the left side (Tcold). In comparison
with Figure 2, while thermal flux refraction is still evident, the
wiggles in the heat flux are reduced due to the larger j1/j2 ratio. A large j1 /j2 ratio intuitively implies preferential transfer
through the higher thermal conductivity layer, whose orientation would primarily dictate the heat propagation. A maximum
contrast in the j1 /j2 ratio enabling such marked channeling
may be considered analogous to the required dielectric constant
contrast for observing significant band gaps between the propagating and non-propagating regimes, in photonic crystals.15
The heat flux bending angle, calculated through the / from Eq.
(1), was 45 , which again corresponds closely to the value of
44.9 found in experimental observations and FEM based
simulations. Such a value is in accord with the prediction4 of
the maximal bending angle /, i.e., equal to (90  h), that could
be obtained for a composite with layers oriented at h.
In summary, we have shown that composite samples
constituted from two materials of nominally isotropic

This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:
137.110.36.10 On: Mon, 26 Jan 2015 04:57:59

083908-3

Yang, Vemuri, and Bandaru

Appl. Phys. Lett. 105, 083908 (2014)

The major obstacle in achieving a perfect concentrator or a
cloak, using extant conformal mapping techniques,3,5 would
be obtaining the desired spatial anisotropy. Our work helps
in understanding such variation at any given point and tuning
the desired thermal anisotropy through the choice of an
appropriate j1/j2 and h.
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R. Bandaru acknowledge financial support from the National
Science Foundation (Grant No. CMMI 1246800) and
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FIG. 3. A comparison of FEM simulations (left panels) with experimental
results (right panels) of a h ¼ 645 composite, constituted from copper and
PDMS layers, with a j1 /j2 ratio of 2300. For (a) and (b), the temperatures
of top and bottom sides are maintained at Thot ¼ 80  C and Tcold ¼ 0  C,
respectively. For (c) and (d), Thot ¼ 60  C and Tcold ¼ 0  C, respectively. The
heat flux contours are indicated through the white arrows.

thermal conductivity could exhibit anisotropic heat flux
propagation. Excellent agreement between experiments and
previous theoretical predictions was observed, along with intriguing considerations on thermal refraction based on the
constituent thermal conductivity ratio and adherence to
the EMA. The implications of our study extend nominally
to the bending of the heat flux with far reaching implications
to the efficient channeling of thermal energy and varieties of
devices, such as thermal concentrators, cloaks, and diffusers.
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