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Abstract

Active thermal management is essential for the operation of modern technologies like electronic
circuits and spacecraft systems to deal with the complex control and conversion of thermal
energy. One basic requirement for the materials is its tunable and reversible thermal properties.
Here, we try to provide a systematic investigation of the thermal smart materials composed of
low-dimensional solid particles suspended in liquid media, whose structures and properties can
be tuned by external field. A two-step theoretical model, which takes into account the effects
from particle aggregation and orientational variation, was proposed and obtained reasonable
agreement with both literature and our own experimental results. Graphene nanosheets/Mg-Al
layered double hydroxides (GNS/LDH) were fabricated and their silicone oil suspension shows
reversible thermal conductivity switching under DC electric field due to the formation/break-up
of chain-like structures with a maximum switching ratio around 1.35x. This study reveals the
underlying mechanism of thermal conductivity enhancement in nanoparticle suspensions, and
provides a preliminary example to design and fabricate responsive thermal materials for the next
generation technologies.
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Nomenclature Greek symbols
E Electrical field strength (V/mm)
kr Thermal conductivity of base fluid (W/ (m - K)) 0 Particle orientation
kp Thermal conductivity of particles (W/ (m - K)) ¢ Volume fraction of particles in suspension
kegr Thermal conductivity of the suspension Dint Volume fraction of particles in the aggregates
(W/(m-K)) Peluster Volume fraction of aggregates in suspension
Keluster Thermal conductivity of particle aggregates
(W/(m - K))
T Thermal conductivity tensor of the suspension 1. Introduction
kij Thermal conductivity tensor of anisotropic
particles . .
L Geometrical factor The de'mar}d of ' effective managem‘ent. of heat 'tran.sfer is
» Aspect ratio of particle aggregates increasing in various up-to-date application scenarios includ-
o Aspect ratio of particle ing electronic devices [1], spacecraft components [2] and
power generation systems [3]. Rising on top of traditional
passive strategies to manipulate thermal transport, active tech-
niques have gained much attention in recent years to cope
with the prominent temperature and energy fluctuations under
3 These authors contributed equally to this work. complex conditions. Thermal switches [4], thermal rectifiers
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[5, 6] and thermal transistors [7] are some of the examples
that people have invented with dynamic and controllable char-
acteristics of thermal transports. New functionalities are thus
endowed by these new thermal ‘smart’ devices analogous to
their electronic counterparts [8]. Among the design principles
of these advanced components, active and reversible tuning
of thermal conductivities of materials, namely thermal smart
materials, lies at the core, requiring a switching between the
on (high)/off (low) states or a continuous variation of the con-
ductivity values.

Several mechanisms and experimental realizations have
been reported regarding the reversible manipulation of thermal
conductivities. The thermal regulation might result from the
solid-liquid phase transition of graphite/hexadecane suspen-
sions [9] or rotational structural phase transition of crystal-
line polyethylene nanofibers [10]; alignment of liquid crystal
networks under magnetic field [11] or alignment of azoben-
zene polymers under light triggering [12]; reconfigured nano-
scale ferroelastic domain structure and wall density of lead
zirconate titanate films under electric field [13]; reversible
delithiation of LiCoO, cathode materials under electrochem-
ical tuning [14]; and variation of topological networks of the
tandem repeat proteins by desiccation- hydration cycles [15].
The above strategies realized a thermal switching ratio ran-
ging from ~1.1x to ~10x spanning distinctively different
systems.

Another big possibility of active thermal regulation comes
from low-dimensional materials, like graphene flakes and car-
bon nanotubes, suspended in liquid solutions. Under electric
field [16], magnetic field [17] or shear flow [18], these non-
spherical particles prefer to align along the field direction and
form chain-like structures, leading to anisotropic electric con-
ductivity [16] or shear thinning behavior [19]. Inspired by
these studies, we hypothesize that the thermal conductivity
of the suspension should also be tunable under these external
fields as properly aligning these low-dimensional materials in
solid-state nanocomposites can lead to enhanced thermal prop-
erties along the alignment direction [20, 21]. In liquid solu-
tions, without external fields, these particles distribute ran-
domly in terms of both spatial positions and orientations. The
dynamics of these particles are governed by translational and
rotational Brownian diffusion at equilibrium [22], while the
application of some external field will restrict the random
motion and make particles to orient along a specific direction
[23, 24]. Taking electric field as an example, the particles are
polarized to form dipoles, which can be further coupled with
the field to generate a torque to orient the particles along the
electric direction, make the particles to migrate to the elec-
trodes due to dielectrophoresis and form end-to-end contacts
and chains due to Coulomb forces [25]. Reversible control of
this process by turning on and off the electric field can also
be realized by using good dispersive particles, like graphene
oxide (GO), and the resulting electro-rheological (ER) flu-
ids possess reversible rheological properties [26, 27]. To the
best of our knowledge, little research was conducted along
this direction to reversibly tune the thermal conductivities of
particle suspensions, except for the work in [28] where the
magnetic field was applied to the magnetic graphite suspen-
sions and achieved ~3 x thermal switching ratio. However, the

equipment to generate magnetic field is relatively complex and
cumbersome. Comparing to magnetic field, the generation of
DC/AC electric field is considered simpler with faster response
and lower energy consumption, but the exploration using elec-
tric field to realize materials with tunable thermal properties is
still lacking.

To account for the experimental observation, appropriate
theoretical models are required to link the gap between micro-
structural changes and the variation of thermal conductivities
in the suspension. Maxwell [29] first proposed the thermal
conductivity of mixtures based on effective medium theory,
assuming the system is composed of continuum medium and
embedded spherical particles. Later on, various studies added
the effects like non-sphericity [30], inter-particle interactions
[31], particle Brownian motion [32] and solid-liquid inter-
face [33] to modify the Maxwell model. The above-mentioned
formation of chain-like structures under electric field implies
that particle aggregation and orientation are another two non-
trivial effects. Although Prasher et al [34] and Nan et al [35]
separately included one of these two effects into their models
and achieved certain success to match with the experimental
results, a comprehensive model that considers both effects and
deals with the reversible tuning of thermal conductivities is
needed at the current stage.

In this work, we propose a two-step theoretical model to
predict the thermal conductivity of particle suspensions, tak-
ing into account both the effects of particle aggregation and
orientational variation. The newly derived model was tested
against literature experimental results in terms of the above
two effects separately and the obtained good agreements fully
confirm the validity of the model, which was further used
to fit our own experiments later. Experimentally, we fab-
ricated graphene nanosheets/Mg-Al layered double hydrox-
ides (GNS/LDH) and dispersed them in silicone oil. Using
electric field, we recorded the formation dynamics of chain-
like aggregates spanning the two electrodes and its structural
reversibility. A thermal switching ratio around 1.35x along
the chain direction was obtained. This work might guide the
future preparation of thermal responsive materials by revealing
the respective contributions from particle properties, shapes
and arrangements on the effective system thermal conductiv-
ity and the rough calculation at the optimal condition provides
a maximum thermal swithing ratio, which requires further
experimental testing. The GNS/LDH suspension surves as one
of the preliminary experimental attempts and the proposed fab-
rication and characterization strategies might be of relevance
to future experimental designs.

2. Methods

2.1. Two-step model

Previous studies have shown that the micro/nanoparticles in
suspensions will arrange along the electric field direction and
form chain structures, leading to structural anisotropy and
enhanced thermal conductivity along the chain direction com-
pared to the case of random particle distributions. The ori-
entation and agglomeration of particles are thus the two key
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factors to affect the tunable thermal conductivity of suspen-
sions. Based on this, we propose a two-step model taking into
account of both these two factors. The traditional theoretical
model of Maxwell [29] is applicable to solid particles in liquid
media with small volume fraction of particles and ignores the
interaction between them. The Maxwell model states that

kg kp + 2k 4 2¢(k, —ky)
ky kp + 2k — ¢ (kp — ky)

ey

where k., ks, k, are the thermal conductivities of the sus-
pension, base fluid and particles, respectively and ¢ is the
particle volume fraction. The Maxwell model is only suit-
able for spherical isotropic particles and low particle volume
fraction. Considering the enhancement of thermal conduct-
ivity caused by particle anisotropy, the second-order tensor
should be introduced to describe the thermal conductivity
instead of a scalar value:

ki 0 0
Ke=10 kn O )
0 0 ki

where kg is the thermal conductivity tensor of the suspension,
k33 is the effective thermal conductivity parallel to the electric
field direction, and ko, and k;; are the effective thermal con-
ductivity perpendicular to it.

As shown in figure 1, under electric field, the solid particles
in the suspension arrange in an end-to-end manner and form
elongated chains. These chains can be regarded as the aggreg-
ates of solid particles with an aspect ratio p. In the first step
of our model, we calculate the thermal conductivity of the
particle aggregates, based on the Bruggeman effective medium
theory [31]:

O (322 ) + (1= o) (£3222) =0 ()

Here ¢, and ¢cpysrer 1S the volume fraction of the solid
particles in the aggregates and the volume fraction of
the aggregates in suspension, respectively, and we have the
relation ¢ = Qcster - Pin: due to number conservation of the
particles. Taking into account of the non-sphericity of the low-
dimensional materials, the thermal conductivity of the aggreg-
ates k""" can be written as

kit 4 kr + it (k11 — k)

kcluster _
11 - — b »
ki +kr — Gint (ki1 — ky)

cluster __
k22 -

“

&)

k§hster = (1 — @) ky + Ginik 33
where k;; is the second-order tensor of thermal conductivity
defined in equation (2) for anisotropic particles.

In the second step of our model, we calculate the thermal
conductivity of the system considering the contribution of the
particle orientations, based on effective medium theory of Nan
et al [35]:

j = Oky + Jop et ©

7 ¢rlumr ij

Here kj; is the thermal conductivity of the suspension, and
Aj; and Bj; are expressed as

< kicj‘_luster _ kf >
Ay = ” :
k_f 4 Lii (kz; uster __ kf)

Li (kicjjluster _ kf) >

Bj=
< kf + Lii (k;llmer _ kf)

where (...) denotes orientational averaging, and L; is the geo-
metrical factor depending on p [35, 36].
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If we assume that the suspension is isotropic on the
plane perpendicular to the electric field, we get k{lser =
kglz”“’”7 Ly = Ly, ki1 = kap. Equation (6) can be rewritten as

x _ PelusierAr1
kll - kf + kf 1 — betusterB11 (10)
33 f S T= etusterB3s *
And we have
A — k[L‘{uster — ks 1+cos? 0 kgg“‘"‘" — kg 1 —cos® 0
W= o Celuster _ 2 Ky + Las (kguster — ke 2
-+ 11(11 /) 7+ 33( 3 f)
(12)
k([“i‘[(’ k k{'lu.ﬂﬂr - k
Apz=———1 [1 — cos 0] + — = —cos’ 0
K+ Liy (kL uster kf) kf+L33 (kgzus/e, _ kf)
(13)

where cos? 6 = [ () cos? Osinf df/ [* ( ) sinf dO, p( 0)is
the particle orientation distribution function. Following the
above procedure, the newly proposed model successively
calculates the contributions from particle agglomerations
and anisotropic particle orientations to the effective system
thermal conductivity, and are thus termed ‘two step’ theoret-
ical model.

2.2. Preparation of GNS/LDH-silicon oil suspensions

The preparation of GNS/LDH-silicon oil suspension is based
on a one-pot hydrothermal method [37]. First, GO was syn-
thesized from natural graphite plates (Sinopharm Chemical
Reagent Co. Ltd. of China) by an improved Hummers method
[38, 39]. The detailed procedures are as follows: 360 ml con-
centrated sulfuric acid was mixed with 40 ml phosphoric acid
thoroughly. Then 18 g potassium permanganate and 3 g nat-
ural graphite flakes were slowly added to the solution. The
mixture was stirred at 55 °C for 12 h and placed in ice bath
with the addition of 30% (3 ml) hydrogen peroxide. The solu-
tion was further centrifuged and the supernatant was decanted
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Figure 1. The schematic diagram showing the arrangement of solid particles in suspension under external field. (a) The chain structures are
composed of particle aggregates along the direction of external field. (b) The enlarged view of one particle aggregates.

away. The remaining solid materials were rinsed with deion-
ized water until the pH turned neutral. Ultrasonication and
dilution was then performed to obtain 5 mg ml~! GO colloidal
dispersion.

To make GNS/LDH composites, we mixed 2 g GO disper-
sion with 80 ml solution containing 5.120 g Mg(NOs3) - 6H,0,
3.750 g AI(NO3)3 - 9H,0 and 3.640 g hexamethylenetetram-
ine (Sinopharm Chemical Reagent Co. Ltd. of China) under
vigorous stirring. The solution was ultrasonicated for 1 h,
transferred into a stainless autoclave and heated for 12 h at
140°C. The precipitate was then separated, rinsed and dried in
vacuum to obtain the GNS/Mg-Al layered double-hydroxide
(GNS/LDH) composites. The thus-obtained mixture had a
GNS weight fraction around 1%. Finally, we dispersed the
GNS/LDH composites into the silicon oil and the resulting
suspension was ready for further tests.

2.3. Characterization and measurements

The morphology of the as-prepared GNS/LDH composites
was observed by scanning electron microscopy (SEM, JSM-
6700 F) at an accelerated voltage of 20 kV. To quantify
the thermal properties of the GNS/LDH suspension, in situ
thermal measurement of the sample at the presence of electric
field is required. Considering that the sample is in liquid phase
with structural anisotropy, we selected laser flash method
[40] by using LFA 467 HyperFlash (Netzsch) as it can per-
form one-dimensional (1D) and non-contact measurements.
We designed an integrated sample cell to hold the liquid
sample and arrange the electric conducting pathway, as shown
in figure 2. The electric field direction (and the formed chain

o _ 34012k — k) /(ky + Luy (ky — kp)) (1 — Lun) + (kp — Ky) / (ks + Las (kp — k) (1 — L33))]

direction) is parallel to the direction of thermal measurement.
The cell has an upper and a lower aluminum covers connected
with electric wires to ensure a uniform electric field, which was
generated by a DC power supply (Keysight, N5752A), across
the liquid sample. The insulating inner layers and outer shells
could prevent short circuit due to possible inappropriate con-

tacts between the conducting covers and provide protection
for the laser flash instrument. The thus-measured 1D thermal

diffusivity can be converted to 1D thermal conductivity after
obtaining the specific heat of the sample from differential
scanning calorimetry measurements (DSC Q2000, TA Instru-
ments). We also qualitatively observed the microstructure
evolution of the GNS/LDH particles during the on/off cycles
of the electric field by an inverted microscope (ZEISS AXIO
vert.Al) and a high-speed camera (FASTCAM Mini UX 50).

3. Results and discussion

3.1. Theoretical results

To verify the validity of the two-step model, we first com-
pared the theoretical results with experiments of graph-
ite/hexadecane suspensions undergoing liquid-solid phase
transitions [9] to test how our model applies to an aggreg-
ate system. Graphite flakes are dispersed uniformly in
the liquid state above a phase transition temperature, but
form aggregates in the solid state [9]. So Nan’s model
[35] was used to calculate the thermal conductivity of
the system in the liquid state, while our two-step model
(equation (11)) was used in the solid state. Nan’s model
predicts the thermal conductivity of the suspension as

eff —

3= 0[2(ky — ky) / (ky + Lur (ky — kp)) Lix + (kp — Kp) / (ky + Las (ky — Ky)) La3]

(14)
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Figure 2. The schematic diagram of self-designed integrated sample cell. The container is composed of aluminum cover, insulating shell
and insulating layer. The conductors are adhered onto the aluminum covers to ensure a uniform electrical field. The electric field direction is

parallel to the direction of thermal measurement.

Here Ly, L33 is the geometrical factor depending on the
aspect ratio of particle p’,

2
P’ 14

Ly =Ly = -
2(p’2 —

cosh™!p/  (15)
2(p% - 1) :

1)?

Ly =1-—2Ly (16)

The thermal conductivities of the base fluid and graph-
ite flakes were determined from the experimental data in
[41] to be kr = 0.15W/(m-K) and k, = 190 W/ (m-K).
The aspect ratio of aggregates p and aspect ratio of particles
p’ was determined roughly from the experimental SEM image
in [9] as p = 500 and p’ = 30 and the volume fraction of the
nanoparticles in aggregates was obtained by fitting the exper-
imental results, ¢;,,=0.68. As shown in figure 3, Nan’s model
[35] can give accurate predictions when the particles are well
dispersed in the liquid state, but becomes inadequate when the
particles form aggregates. Instead, our two-step model is more
appropriate in the latter case, which shows good fitting to the
experiments covering the particle volume fraction ¢ range of
0 ~ 1%. The results in figure 3 also clearly show that the form
of aggregations can enhance the thermal conductivity of the
suspensions significantly.

Next, we turn to test how our two-step model behaves
regarding the effect of particle orientation and alignment, and
we compared with the experiments in [42]. Maxwell’s model
is considered accurate for suspensions with low volume frac-
tion and random particle distribution. So k, was calculated
from the experimental data of [42] by Maxwell’s model as
k, = 80 W/m - K. We also substituted ks = 0.124 W/ (m - K),

aspect ratios p = 7, p = 3 and @y |p=7=0.37, @jni|p=3=0.24
(estimated from figure 3 in [42]) into our model, i.e.
equation (11). As shown in figure 4, the theoretical results
at < cosf > 1 (indicating perfect alignment) fit with the exper-
imental results relatively well, suggesting that our model is
appropriate to predict the thermal conductivities of the system
when the particles have large orientational variation. The
enhancement ratio between the aligned state (<cosf > 1) and
randomly oriented state (<cosf > 1/3) could achieve ~1.67 x
atp =7, ¢ = 2% . It is evident that the orientation of nan-
oparticles plays a great role on the enhancement of thermal
conductivity. These chain-like structures can form effective
thermal conductive pathways, thus enhancing the thermal con-
ductivity of the materials along this direction. Further increas-
ing the aspect ratio of the particles up to p = 20, we predicted
an increasing enhancement ratio theoretically (from ~1.67x
to 2.27x when p increase from 7 to 20) (figure 4). The results
indicate that anisotropic nanoparticles with larger aspect ratio,
which could form longer aggregates, are better candidates for
thermal conductivity switching in suspensions.

What is the possible maximum thermal switching ratio that
could be achieved for these anisotropic-shaped particle sus-
pensions at optimal conditions? We would like to provide
a rough prediction by using our two-step model. Graphene
flakes are known to be one of the best thermal conduct-
ive materials, and we decided to use the parameters of
graphene in [41] k, = 190 W/ (m-K) and base fluid kr =
0.15 W/ (m - K). The theoretical results by using equation (11)
are shown in figure 5, and we considered the influence of
aspect ratio p, particle volume fraction ¢, and volume frac-
tion of nanoparticles in aggregates ¢;,,. In the selected range of
low particle volume fraction of ¢ from 0% to 2%, the thermal
switching ratio increases almost linearly, while the increase of
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Figure 3. Dependence of the ratio k33/ks (w-particle/base fluid) on particle volume fraction ¢. The points are experimental results of
graphite/hexadecane suspensions in liquid/solid phase from [9]. The lines are the corresponding theoretical predictions of Nan’s model [35]

and the two-step model based on the experimental parameters.

@ins in the range of 0.2 ~ 0.8 at constant ¢ (¢ = Peiuster - Pines
Peuster thus decreases) brings the slight decrease. We found
that the optimal situation with a maximum thermal switching
ratio of ~30x (at ¢ = 2%) appears when p is infinite, meaning
single chains with infinite length. In fact, when p is over 100,
the ratios are close to the above optimal case and changing
@iy Will only affect the results slightly. The above prediction
assumes perfect single chains aligned perfectly along one dir-
ection, and future experiments are required to check whether
this optimal condition can be approached.

3.2. Experimental results

We then set out to experimentally realize the concept of
‘thermal smart materials’ by selecting proper combination of
solid particles and liquid media with tunable structural aniso-
tropy under electric field. GNS are suitable candidates as the
dispersive phase in the system due to its high thermal con-
ductivity and large aspect ratio, which are the two good fea-
tures revealed from the previous theoretical analyses. Unfortu-
nately, pure graphene flakes in itself might not be used directly
because the high electrical conductivity may lead to current
leaching and power consumption. On the other hand, the
layered inorganic materials, such as layered double-hydroxide
(LDH) also receive wide investigations due to the anisotropic

morphology. The LDH has low enough electrical conductiv-
ity to form stable suspensions under electrical field, but its
thermal conductivity is relatively low, inadequate for thermal
conductivity switching. However, combining the advantages
of GNS and LDH, we followed previous studies [37] to syn-
thesize the two-dimensional dielectric nanosheets, GNS/LDH
composites, and dispersed them in silicon oil. The GNS/LDH
has high shape anisotropy, high thermal conductivity and tun-
able dynamics and structures under electric field. The compos-
ite particle shows a hexagonal plate-like morphology as shown
in the SEM image in figure 6(a). GNS grows into small thin-
layered patches and attaches to the surface of LDH as shown in
figure 6(b), indicating the successful formation of GNS/LDH
composites.

We first applied the DC electric field alone at strength of
E =300 V mm~!, and recorded the microstructural evolution
under an optical microscope, as shown in figure 7. Starting
from almost random spatial and orientational distributions in
the form of small flocs (figure 7(a)), the particles gradually
pack into small ordered chains along the electric field direc-
tion (left to right) (figure 7(b)) and finally form long chains
with small interchain bridges (figures 7, (c)(d)). The structure
remains stable when the field is kept on, but disappears and is
replaced by small flocs and broken short chains when the field
is turned off (figure 7(e)). Comparing figures 7(e) and (a), we
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Figure 4. Dependence of the ratio k33/ks (W-particle/base fluid) on particle volume fraction ¢. The particle aspect ratio p and orientationl
state of the particles (< cosf > 1, perfectly aligned; < cosf > 1/3, randomly oriented) are also varied in the plot. The points are experimenal
results of p = 7 and p = 3 in [42] and the lines are predictions from the two-step model.

can see the structure does not completely restore to the ini-
tial situation. Some particles tend to stay together due to van
der Waals interactions and appear as small separated aggreg-
ates after the removal of the external field. Nevertheless, the
overall spatial and orientational distributions are randomized
after one cycle, showing the partial structural reversibility of
the system.

To measure the in situ thermal conductivity of the suspen-
sion at the presence of electric field, we used the laser flash
method (see appendix for details) and held the liquid within
the container designed in figure 2. In figure 8(a), we show
the thermal conductivity variation with different nanoparticle
volume fractions as a function of the electrical field strength E.
The thermal conductivity of the suspension increases with
E almost linearly, reaches the maximum value at around
700 V mm~', and then starts to decrease when E further
increases. The largest enhancement of thermal conductivity
is about 52% (700 V mm~") with a volume fraction of 15%
comparing to the suspension without electric field. An inter-
esting observation here is the non-monotonic dependence of
the thermal conductivity k on the field strength E. The ini-
tial increase of k arises from the more ordered chains formed
at higher E, but the opposite trend after some critical point
cannot be explained by this. We suspect as the chain-like
structures get thicker in the transverse direction with more
sideway branches at higher strength (comparing figure 7(d),

300 V mm~! to figure 7(f), 100 V. mm~"), which also results
in a decreased aspect ratio, the one-dimensional thermal trans-
port along the lengthwise conductive pathway is hampered.
This point can also be drawn from our previous theoretical
analyses that the longer single chain with a higher aspect ratio
of aggregates can lead to a larger thermal conductivity. The
similar rule can explain another observation that the enhance-
ment ratio becomes saturated at high particle volume fraction
¢ as shown in the figure 8(b), while the initial increase with
¢ can be understood from the increased number of conduct-
ive pathways. We can conclude here that the optimal enhance-
ment of thermal conductivity occurs at intermediate volume
fraction and electric field strength, as large number of well-
aligned, long, thin and isolated chains is favored for efficient
one-dimensional thermal transport.

Then we tried to compare our experimental results with
the two-step model. Here we used kr = 0.1 W/ (m-K) as
the thermal conductivity of silicone oil, estimated k, =
6.5 W/ (m - K) roughly for layered double hydroxide particles
by applying the Nan’s model to the reported thermal conduct-
ivity of LDH nanofluids in [43], and assumed perfect ori-
entation scenario, < cosf > 1. The aspect ratio p and ¢;,,
were obtained by quantifying the structures in the microscopic
images and fitted from the experimental results, which were
summarized in table 1. As shown in figure 9, we could see that
the thermal conducvitities of the suspension at low electric
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Figure 5. Theoretical predictions of the maximum thermal switching ratio k33/ko (aligned/random states) as a function of particle volume
fraction ¢ by using the parameters of graphene flakes in [41]. The particle aspect ratio p and volume fraction of nanoparticles in aggregates

¢ins are also varied in the plot.

Table 1. Parameters used in the two-step model to compare with current experimental results of GNS/LDH suspensions.

Electric strength (V mm ™) Aspect ratio p Volume fraction of particles in aggregates ¢
100 1.15 0.97
300 1.70 0.99
700 2.57 0.98
900 1.94 0.98

field strength agree very well with our theoretical model at
both low and high particle volume fractions ¢. However, with
the increase of electric strength, the thicker chain-like struc-
tures, sideway branches and isolated clusters will become
more significant at high ¢. This still leads to an increase of
thermal conductivity ratio kss/k; (w-particle/base fluid), but
less so than linearly, and deviates from that predicted by the-
ory. So the thermal conductivity at high particle volume frac-
tion ¢ is lower than what we expected from the two-step
model, as can be seen in figure 9.

When the electric field is turned off, the chain struc-
tures are broken into short pieces and redisperse uni-
formly in the suspension (figure 7(e)). Along with this
structural randomization, we found that the thermal con-
ductivity of the system could almost reversibly decrease
to the initial value as well, as shown in figure 10. The
first on/off cycle shows the largest thermal switching

ratio ~1.35x, while the ratios of the following cycles
slightly decrease to ~1.28x and become unchanged. The
slight irreversibility might originate from the formation
of small particle clusters due to particles stuck together
(figure 7(e)) after repeated switching on and off the electric
field. The situation and the thermal conductivity reversibility
might be improved by further functionalization of the particles
to make them more stable in the suspension.

4. Conclusions

In this work, we systematically investigated thermal smart
materials with reversible thermal conductivities, made of low-
dimensional solid particles dispersed in liquid media, by both
theoretical and experimental means. Theoretically, we pro-
posed the two-step model, taking into account the particle
aggregation and orientational variation simultaneously, and
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000 1pim WD 8.0mm

Figure 6. (a) SEM image of GNS/LDH composites and (b) its enlarged view showing the attached GNS. The scale bars in (a) and (b) are 1
pm.

(b)

(c) (d)
E=100 V/mm

(e) (f)

Figure 7. The microstructure evolution of GNS/LDH suspension under DC electrical field. (a) t = 0s, E =300 V mm~ . (b)r=1s5,
E=300Vmm ! (c)r=5sE=300Vmm ' (d)r=14s, E =300V mm . (e) After the removal of electical field. (f) = 14s,
E =100 V mm™". The scale bars in (a)—(f) are 200 pm.
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obtained good agreements with experimental results in liter-
ature in terms of both the above two effects and with our
later experiments as well. We found that the larger aspect
ratio of particle aggregates and better alignment could enhance
the thermal conductivity of the suspension effectively. The
model predicts an unprecedented 30x adjustable range of
thermal conductivity, requiring further confirmation by exper-
iments. Experimentally, we prepared GNS/LDH, which have
high thermal conductivity due to GNS and good dielectric
property due to LDH. Their silicone oil suspensions show
elongated chain-like structures under DC electric field. At
some optimal volume fraction (15%) and electric field strength
(700 V mm™"), the thermal conductivity shows the largest
enhancement around 52%. Structural and thermal conductivity
reversibility are both observed when the electric field is turned
off, and the repeated on/off cycles confirm that the reversibil-
ity can be maintained despite small decrease of the switching
ratio from ~1.35x to ~1.28 x at volume fraction of 11%. This
work might be a step forward in terms of both the theoretical
understanding and preparation techniques for the advancement
of thermal smart materials.

Appendix

Laser flash method is a transient technique used to measure the
one dimensional thermal diffusivity of materials. It employs a
thermal pulse source to one surface of the sample, and monit-
ors the coresponding temperature varation as a function of time
on the back surface of the sample with an infrared detector,
making the measurement non-contact. The thermal diffusivity
along the direction of laser is then calculated.

Assuming the heat transfer process as follows: The sample
material is uniform with constant physical properties; the
heat conduction is one-dimensional; (2) the thermal pulse is
absorbed and converted into heat in a very thin layer on the
surface of the sample without heat loss; (3) the pulse time is
much shorter than the characteristic time of heat transfer in the
sample. The conduction equation is

2
o = 25 (0<x(1,n0)
— k8L = Q5 (1),(x=0,t>0
o = 00(1),(x = 0,:>0) (AD)
9 = 0,(x =1,>0)

T=0,0<x<Lt=0)

Here Q is heat absorption per unit area of the sample, « is
the thermal diffusivity, & is thermal conductivity, [ is thickness
of the sample. The temperature of the back surface is0

2
ot

[eS) _ it
2 14 as (e
1

pcpl

T(,1) = To + (A2)

When 7 — oo, the excess temperature § = T(l,1) — Ty =
%, reaching maximum value 6,,,,.
»

(A3)

When 6* (1,1) = 0.5, % = 1.37. The corresponding time
is half time #, /,, which can be obtained from temperature curve
of back surface.

]2
o= 0.1388ﬁ

2

(A4)

For liquid thermal smart materials in aluminum sample
container, the thermal diffusivity is calculated by the modified
‘sandwich’ multi-layer model [44]

aIn(0%)
a(t)
Here, 0 is the dimensionless excess temperature of alu-
minum cover surface, y; \/l—@;, l;,a; is the thickness and
thermal diffusivity for aluminum cover and liquid, respect-
ively.

_ +x2+x3)°
4

(AS5)
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