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l for the preparation of a thermally
conductive and electrically insulating material with
high stability†

P. Fan,ab Z. Sun,a Y. Wang,b H. Chang,ab P. Zhang,b S. Yao,b C. Lu,b W. Rao *bc

and J. Liubcd

Dielectric materials typically demonstrate poor thermal conductivity, which limits their application in

emerging technologies in integrated circuits, computer chips, light-emitting diode lamps, and other

electronic packaging areas. Using liquid metal microdroplets as inclusions to develop thermal interface

materials has been shown to effectively improve thermal pathways, but this type of material may

become electroconductive with the application of a concentrated compressive stress. In this study, an

isotropic nano-liquid metal thermally-conductive and electrically-insulating material (nLM-THEM) is

developed by combining a modified polymer and well-dispersed nanoparticles, achieving an �50�
increase in thermal conductivity over the base polymer. In addition, the thermal conductivity of nLM-

THEMs exhibits no significant change with varying humidity and a stable anti-corrosion effect even in

direct contact with aluminum. More importantly, nLM-THEMs demonstrate a stable electrical insulating

property upon compressive stress, while conventional micro-LM-THEMs exude liquid metal. This

exceptional combination of thermal and electrical insulation properties is enabled by the interconnection

of uniform and spherical liquid metal nanoparticles to create more thermally-conductive pathways, and

surfactant modified nanoparticles ensure excellent electric insulation. Moreover, this material can

achieve passive heat exchange through rapid heat dissipation, which demonstrates its great application

potential in the electronic packaging area.
1 Introduction

With electronic products advancing to applications in articial
intelligence and miniaturization, a high degree of integration
and power density is necessary for these devices. Heat dissipa-
tion in these devices has a great impact on their performance
and reliability, where a rise of 2 �C in the electrical components
will reduce the device reliability by 10%.1–4 Therefore, heat
dissipation is key to developing high-performance electronic
products of the future. The development of thermally-
conductive and electrically-insulating materials (THEMs) is an
effective way to solve the problem.5
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The thermal conductivity of conventional THEMs is mainly
based on an organic silica gel incorporating metal oxide and/or
metal nitride llers such as alumina, zinc oxide, magnesium
oxide, bismuth oxide, silicon nitride, boron nitride, aluminum
nitride and silicon carbide, which operate as conductive inclu-
sions. The thermal conductivity of these THEMs ranges from
0.5 to 5 W m�1 �C�1,6–18 but the heat conduction of these types
of THEMs is limited owing in part to the ease with which the
THEMs absorb moisture and deteriorate in the open air. To
improve the thermal capacity of THEMs, solid particle llers of
gold, silver, copper, aluminum, magnesium and other metals
have been investigated.19–22 For polymer-based THEMs, the
contact area between the thermally-conductive llers and the
polymer increases as the proportion of the inclusions increases.
Consequently, the lling particles disperse in the matrix and
form a relatively stable and efficient heat transfer path owing to
their direct contact with the polymer, where the path is called
a thermally-conductive mesh chain.23–30 These excellent heat
transfer paths effectively improve the thermal conductivity of
the composite material, but it is not feasible to continuously
increase the composite thermal conductivity with the unre-
stricted addition of thermally-conductive llers. For example,
the most common thermal ller is a solid powder and when the
lling ratio reaches a threshold value the composite material is
This journal is © The Royal Society of Chemistry 2018
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easily dried. Further, composite materials that use metal
powders as llers exhibit a signicant reduction in its electrical
resistance.31

Unlike the traditional solid ller, a room-temperature liquid
metal (LM) has a broad applicability for thermal management,
and especially the gallium indium eutectic alloy (EGaIn) with
a higher thermal conductivity and volume heat capacity. In
2013, Liu et al. developed a thermal interface material (TIM)
with a thermal conductivity of 13.07 Wm�1 K�1 based on liquid
gallium-based materials and oxidation processes.32 However,
this kind of LM-TIM also possesses high electrical conductivity
and has a serious corrosion effect on aluminum alloys, and is
therefore not applicable for electronic devices. In 2014, Mei
et al. prepared a composite thermal grease comprising
a gallium alloy as a thermal ller and methyl silicone oil as
a matrix, whose maximum thermal conductivity was 5.27 W
m�1 K�1.33 But the risk of leakage still exists. In addition, LM
microdroplets instead of solid metal particles can provide the
liquid ller for high-performance THEMs. For example, Bartlett
et al. have used LM droplets as llers in a silicone elastomer to
obtain a exible composite material whose thermal conductivity
was 4.7 � 0.2 Wm�1 K�1 under stress-free conditions and 9.8 �
0.8 W m�1 K�1 at 400% strain,34 and that is to say the high
thermal conductivity of the composite material is not isotropic,
it is only along the direction of the elongated droplets. These
LM-based THEMs dramatically enhanced the thermal
management in electronic packaging applications.

Currently, most LM-based THEMs consist of microscale LM
droplets as inclusions, but it has been found that this type of
LM-lled composite thermal material runs the risk of electrical
leakage. Specically, when the thickness of the coating layer is
reduced the LM will precipitate under a light pressure load. In
addition, silicone oil leakage may occur during storage aer
a period of time. These problems restrict the further develop-
ment and application of LM-based THEMs, and thus it is
particularly urgent and necessary to solve the problem of the
THEM stability.

Here, we propose the use of a modied polymer subjected to
ultrasonic dispersion to improve the surface treatment of the
LM. A high-stability THEM based on a nano-liquid metal (nLM)
was prepared, where the THEMs exhibited high thermal
conductivity and insulation characteristics in all directions (i.e.
isotropic) as well as excellent stability. This method solves the
stability problem of the binary dispersion system as well as the
silicone oil exudation problem. Furthermore, it prevents the
risk of electrical leakage or corrosion risk brought about by the
metal precipitation. Highly-stable nLM-THEMs exhibit great
potential in electronic cooling systems.

2 Experimental section
2.1 Materials

The gallium (purity: >99.99%) and indium (purity: >99.995%)
were purchased from Zhaofeng Gallium Co., Ltd. (Yangquan,
Shanxi, China) and Yilong Hung Industrial Co., Ltd. (Zhuzhou,
Hunan, China), respectively. Silicon oil was obtained from
Xilong Chemical Co., Ltd. (Shantou, Guangdong, China),
This journal is © The Royal Society of Chemistry 2018
anhydrous ethanol (analytical grade) was purchased from Bei-
jing Chemical Works (Beijing, China), and the sorbitan trioleate
surfactant Span®85 (analytical grade) was obtained from
Sigma-Aldrich (St. Louis, MO, USA).

2.2 Synthesis of nLM-THEMs

Span 85 (0.8 ml) was added to anhydrous ethanol, where upon
themixed solution was heated to 60 �C and stirred for 5–10min.
Then, EGaIn (24 ml) was added to the mixed solution under
sonication with a Branson 550 digital sonier (Danbury, CT,
USA), samples under different sonication time and power were
compared. A certain volume of the resultant LM solution (VLM)
was then added to different volumes of methyl silicone oil
(VMSO) such that VLM : VMSO ¼ 3 : 1, 4 : 1, 5 : 1 and 6 : 1. The
mixture was heated to 60 �C to remove the anhydrous ethanol
and was continuously stirred to form a homogeneous paste.
When the vast majority of the anhydrous ethanol was evapo-
rated, as determined by the change of the volume of the
mixture, the paste was cooled to room temperature and evacu-
ated in a vacuum oven for 1 h to remove the bubbles present in
the sample. Aer completing the above steps, a thermal-
interface material based on an nLM was obtained.

2.3 Characterization of nLM-THEMs

The size and morphology of the resultant nanomaterials were
obtained using scanning electron microscopy (SEM; QUANTA
FEG 250, FEI, Hillsboro, OR, USA) images. The SEM samples
were prepared by placing the dry nLM-THEMs on a freshly black
conductive adhesive and the experiments were performed at
room temperature.

Thermal conductivity and heat capacity measurements of
the nLM-THEMs were performed in air using a computer-
controlled Hot Disk thermal constants analyzer (K-analys AB,
Sweden) with a disk-type Kapton sensor 5465 with radius
3.189 mm in the range of 150–500 mW. Prior to each
measurement, the sample was placed into a thermostat-
controlled furnace (25 �C) for 1 h.

To study the electrical insulation characteristics of the nLM-
THEMs, the electric resistivity measurement was conducted
using a meg-ohm test system comprising an electrode protec-
tion test box and a high electrical-resistance meter (HPS68004,
HELPASS, China). The test voltage range was set from 5 to 220 V.

2.4 Anticorrosion evaluation

To quantify the anticorrosion effects of the nLM-THEMs on an
aluminum block, following the corrosion tests the aluminum
block surface was observed using a eld-emission-gun SEM
(FEG-SEM; Sirion 200, FEI, Hillsboro, OR, USA), and energy-
dispersive X-ray analysis (EDX) was simultaneously performed.

2.5 Comparison of heat distribution

To test the cooling effect characteristics of the THEMs,
a commercial methyl silicone oil (201) and Deepcool Z9 thermal
conductive paste possessing a thermal conductivity greater than
4.0 W m�1 K�1 were used in a parallel experiment alongside
RSC Adv., 2018, 8, 16232–16242 | 16233
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then LM-THEMs with an LM volume fraction of 85.7% (v/v). The
silicone oil, commercial thermal conductive paste and the nLM-
THEMs were coated on the surface of a heat shield in patches
30 mm (length) � 30 mm (width) � 3 mm (height) in size,
whereupon three heating chips with the dimensions 7 mm �
5 mm were placed in the center of the coated patches of each of
the three types of THEMs. A thermocouple was then arranged at
the center of the heating chip, and a data acquisition instru-
ment (Agilent 34972A, USA) was used to collect the real-time
temperature. In addition, an infrared thermograph (FLIR E30,
USA) was applied to obtain the two-dimensional temperature
distribution. The input voltage of the heating chip was set at 3 V
and heating commenced for 10 min.
3 Results and discussion
3.1 Formation of nLM particles

The EGaIn comprising 75.5% (w/v) gallium and 24.5% (w/v)
indium is a nLM at room temperature, and has excellent
thermal conductivity suitable for making high-thermal-
conductivity THEMs. In the experiment, a nLM-THEM was
prepared using EGaIn as the thermally-conductive ller and
201-methyl silicone oil as the matrix material, which were
combined via ultrasonic mixing and the addition of Span 85.
The preparation process is shown in Scheme 1.

It is worth noting that the important parameters affecting
the size of nLM are sonication time and sonication power.35 To
determine the appropriate time and power of sonication,
a batch of experiments is performed and the results is shown in
Fig. S1(a) and (b),† respectively. With the increase of sonication
power (sonication time is 25 min), the average size of liquid
metal nanoparticles decreased rst, then increased, and nally
stabilized (Fig. S1(a)†). When the sonication power is 300W, the
average size of nanoparticles reaches the minimum (259.1 nm);
Fig. S1(b)† shows the average size change with sonication time
under certain power (P ¼ 280 W), the size of liquid metal
nanoparticles rst descends, then increases, and gradually
stabilizes. When the sonication time is 40 min, the average
particle size reaches a minimum of 248.1 nm. Based on the
experimental results, 300 W and 40 min is chosen to make
liquid metal nanoparticles, dynamic light scattering (DLS)
measurement of the nanoparticles is shown in Fig. S1(c).† The
average size of nLM is 232.5 nm. The smaller the size of nLM,
more contact with 201-methyl silicone oil will be achieved with
Scheme 1 Schematic diagram of the nLM-THEM fabrication process.

16234 | RSC Adv., 2018, 8, 16232–16242
the same weight of nLM as ller. Therefore, 300W and 40min is
chosen for the nLM-THEMs preparation and the next
experiments.

Four kinds of nLM-THEMs with different lling ratios were
prepared by the above process, where the volume proportions of
the LM (VLM) and that of methyl silicone oil (VMSO) were VLM-
: VMSO¼ 3 : 1, 4 : 1, 5 : 1, 6 : 1 (volume fractions of LM is 75.0%,
80.0%, 83.3% and 85.7%, respectively). The microstructures of
these four variations of nLM-THEMs are shown in Fig. S2† and
a typical example of the nLM-THEM (VLM : VMSO ¼ 6 : 1) is
shown in Fig. 1(a) and (b). According to the SEM images, the
nLM-THEMs are a dense array of smooth spherical particles
mostly ranging from 100–800 nm in diameter at 22 �C (Fig. S3†),
which is consistent with DLS data (Fig. S1(c)†). The reason why
the uniformity is not ideal is that all the products aer LM
sonication are collected, if gravity settling and stratied
centrifugation of nLM sample can be properly conducted, the
uniformity of nLM-THEMs will be further improved. Even
though, compared to the microstructure of a micro-LM-TIM
prepared by the conventional process (see Fig. 1(c) and (d)), it
demonstrates that the droplet diameter of micro-LM THEMs is
between 10–200 mm, and the shape of the LM droplets is
irregular and nonspherical, showing worse uniformity.
3.2 High thermal conductivity and electrical insulation with
nLM-based material

Thermal conductivity is the most important physical parameter
for measuring the heat dissipation effect of the THEMs. The
thermal conductivities of the nLM-THEMs with different
volume fractions 75.0%, 80.0%, 83.3% and 85.7% are measured
as 4.03 � 0.01, 4.40 � 0.02, 4.92 � 0.01 and 6.73 � 0.04 W m�1

K�1, respectively, as shown in Fig. 2(a). As the LM volume
fraction in the TIM increases, the thermal conductivity of the
TIM also increases, though it does not exhibit a linear trend
with the LM lling ratio. An increasing proportion of LM
nanoparticles will form more thermal conduction paths
because of more frequent contact among these particles. It is
worth noting that thermal conductivity cannot increase in an
unlimited fashion by increasing the LM volume fraction
because the modied LM nanoparticles will reach a saturated
state in the silicone oil when the LM fraction is greater than
87.5%. This saturated state leads to the propensity of the TIMs
to dry and a signicant reduction in the electrical insulation.

The thermal conductivity of the binary composites can be
predicted using the theoretical Maxwell-Garnett's (MG) model,36

which is quite commonly used as an effective medium theory to
predict the thermal conductivity of binary mixtures. The MG
model can be given as follows:

keff

kp
¼ ð1� fÞ�klm þ 2kp

�þ 3fklm

ð1� fÞ�klm þ 2kp
�þ 3fkp

(1)

where, keff is the effective thermal conductivity of the nLM-
THEMs, kp is the thermal conductivity of the liquid silicone
oil, klm is the thermal conductivity of the liquid metal, f is the
volume fraction of the liquid metal. The silicone oil's thermal
conductivity is rather small (about 0.7 W m�1 K�1), while the
This journal is © The Royal Society of Chemistry 2018
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Fig. 1 SEM images of the THEMs. Microscopic morphology of the (a) and (b) nLM-THEMs and (c) and (d) micro-LM THEMs.
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EGaIn is tested about 26.62 � 0.01 W m�1 K�1. The results
obtained from MG model are compared with the experimental
data. As shown in Fig. 2(a), the thermal conductivity increases
nonlinearly with the volume fraction of LM. It is clear that the
experimental measurement agrees well with the calculated
value.

The specic heat capacity represents the ability of an object
to absorb or dissipate heat. At the same heat absorption, the
temperature of an object with a higher specic heat capacity will
be lower. Thus, the size of the heat capacity can also reect the
intensity of the THEM thermal conductivity. The specic heat
capacity of the nLM-THEMs with different LM volume fractions
75.0%, 80.0%, 83.3% and 85.7% are measured as 2.20 � 0.05,
2.24 � 0.03, 2.20 � 0.08 and 2.42 � 0.08 MJ m�3 K�1, respec-
tively, as shown in Fig. 2(b). From these experimental results it
is clear that, though nLM-THEMs have a high specic heat
capacity, increasing of the volume fraction of LM does not
signicantly change the specic heat capacity.

Many types of THEMs degenerate quickly when exposed to
the open air, wherein the relative humidity of the air has a great
impact on the material properties. Under conditions that were
otherwise identical, the thermal conductivity of the nLM-THEM
(LM fraction is 85.7%) was tested at different humidity levels.
Fig. 2(c) shows the results of the thermal conductivities of the
nLM-THEMs of 6.69� 0.02, 6.72� 0.02, 6.73� 0.04, 6.71� 0.01
and 6.73� 0.03 Wm�1 K�1 for relative humidity levels of 35, 45,
This journal is © The Royal Society of Chemistry 2018
55, 65 and 75%, respectively. It is demonstrated that the
thermal conductivity of the nLM-THEMs remained essentially
unchanged with varying relative humidity. This demonstrates
that the heat dissipation effect of the nLM-THEMs is nearly
unaffected in different indoor environments, which further
proves the high stability of nLM-THEMs.

To verify the insulation properties of the nLM-THEMs, we
measured their volume resistivity at different voltages in the
range of 5–220 V, as shown in Fig. 2(d). It can be seen that the
volume resistivity–voltage curve is approximately a straight line,
indicating that the volume resistivity of the nLM-THEMs is
closely related to the applied electric eld. With the increase of
the measured voltage, the resistivity of the TIM also increases.
The volume resistivity is 9.8 � 107 U m when the measured
voltage is 5 V, and the volume resistivity is 2.09 � 109 Umwhen
the measured voltage is 220 V. As shown in Fig. 2(a)–(d), we can
see that the nLM-THEM has excellent thermal conductivity and
electrical insulating properties.
3.3 Enhanced stability of nLM-THEMs compared to micro-
LM THEMs

To further test the stability of nLM-THEMs, a series of experi-
ments were conducted. First, nLM-THEMs were placed at room
temperature for a month. As shown in Fig. 3(a), the morphology
of the nLM-THEMs stored in a glass bottle is stable with no
RSC Adv., 2018, 8, 16232–16242 | 16235
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Fig. 2 Physical characterization of the nLM-THEMs. (a) Thermal conductivities of the nLM-THEMs containing varying LM volume fractions
showing well consistency with MG model prediction. (b) Specific heat capacities of the nLM-THEMs varying LM volume fractions showing no
significant difference. (c) Thermal conductivities of the nLM-THEMs at varying humidity levels. (d) Electrical resistivity of the nLM-THEMs.
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apparent change. For comparison, the same proportion of
micro-type THEMs (micro-LM-THEMs) was prepared according
to the traditional process,33 and the results are shown in
Fig. 3(b). It can be seen that the upper surface of the conven-
tional micro-LM-THEMs in the glass bottle gradually exudes
silicone oil with time, and the accumulation of a silicone oil top
layer is obvious aer a month.

Further SEM characterization of nLM-THEMs was conducted
aer preparation for different days. As shown in Fig. 3(c), the
diameter of liquid metal particles was about several hundred
nanometers aer preparation. The observation was conducted
on day 0, day 5, day 10 and day 20, respectively. It was
demonstrated that the size and distribution of liquid metal
particles in the same nLM-THEMs sample was almost indis-
tinguishable with time, and no aggregation formed in the
sample. In addition, the changes in thermal conductivity and
electric resistivity of the nLM-THEMs were also measured every
5 days aer the material fabrication, the results were shown in
Fig. 3(d) and (e). It was found that the thermal conductivity and
electrical resistivity of the materials showed no signicant
difference with time. Both the thermal and electric character-
ization together with morphology show that the nLM-THEMs is
remarkably stable along the exposing time.

To demonstrate the contact stability of the nLM-THEMs with
various substrates, three different material plates of glass,
16236 | RSC Adv., 2018, 8, 16232–16242
plastic and copper were used for nLM-THEM-coating experi-
ments. The thickness of the coating in the experiment is about
0.1 mm, which is similar to the thickness of ordinary A4 paper,
and is shown in Fig. 4(a). The coating surface appears gray and
delicate, and exhibits no LM precipitation. Aer one month, no
signicant changes were observed on the coating surface or at
the edge of the coating material (see Fig. 4(b)). In contrast, when
a conventional LM-TIM was coated on cardboard with a similar
coating thickness, LM precipitation could be observed, as
shown in Fig. 4(c). This demonstrates that the nLM-THEM is
more stable and coats the substrate easier, which exhibits
superior practical application advantages compared to
conventional LM THEMs.

The reason why nLM-THEMs showing high adhesivity and
stability to various substrates was further conducted. We
measured the rheological properties of the nLM-THEMs, using
the rotational rheometer (Haake RS6000, Thermo Fisher Scien-
tic Inc., MA, USA). From the relation among shear rate, dynamic
viscosity and shear stress (Fig. 4(d)), the nLM-THEMs should
belong to non-Newtonian uid, thus shear thinning occurs. And
its rheological properties seem to be the same as that of power
law uid, because of the linear g–s relationship with logarithmic
coordinates. Moreover, the dynamic viscosity of nLM-THEMs is
limited between 100 Pa s to 100 000 Pa s with shear rate ranging
from 0.1 s�1 to 100 s�1, therefore, it could be easily coated on the
This journal is © The Royal Society of Chemistry 2018
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Fig. 3 Stability of nLM-THEMs. (a) and (b) Changing state of (a) nLM-THEMs and (b) conventional micro-LM-THEMs after resting for various
durations at room temperature. (c) Microscopic morphology of nLM-THEMs showing no apparent difference from day 0 to day 20. (d) Thermal
conductivity of nLM-THEMs showing no significant difference along the exposing time. (e) Electric resistivity of nLM-THEMs showing no
significant difference along the exposing time.
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various surface of heat source easily, which is consistent with the
above experiments (Fig. 4(a) and (b)). During the study of the
rheological properties of nLM-THEM, to ensure that nLM-THEM
materials are within the range of linear viscoelasticity, stress scan
of nLM-THEM was performed. nLM-THEM exhibits linear
viscoelasticity under stress range from 8 Pa to 100 Pa (Fig. 4(e)).
According to the results, the elastic modulus of nLM-THEM is
much larger than the loss modulus, demonstrating that nLM-
THEM mainly undergoes elastic deformation under stress.
3.4 Anticorrosion effect of nLM-THEMs

As we know, THEMs are used widely in chip cooling systems and
are in close contact with the chips packaging material which
usually is made of aluminium silicon alloy, signifying that
corrosion resistance of aluminium is critical to ensure the safety
This journal is © The Royal Society of Chemistry 2018
of the chips. When aluminum reacts with oxygen, an oxide lm is
generated on the surface that impedes further reaction of the
aluminum with oxygen. However, gallium-based alloys cause the
aluminum atoms to react with oxygen molecules in the air by
atomic migration, which generates much alumina and causes
aluminum plate corrosion.37 To demonstrate the anticorrosion
characteristics of the nLM-THEMs, EGaIn and nLM-THEMs were
designed to corrode a piece of aluminum.

Two pieces of aluminum (40 mm � 40 mm � 20 mm) were
polished to remove the surface oxide layer, and EGaIn and
EGaIn nLM-THEMs were subsequently applied uniformly on
the surface of the aluminum in separate areas. Images were
recorded daily for nine days, and the results are shown in
Fig. 5(a) and 4(i).

It can be seen that aluminum coated with EGaIn corrodes
completely, while aluminum coated with the nLM-THEMs
RSC Adv., 2018, 8, 16232–16242 | 16237
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Fig. 4 nLM-THEMs showing high adhesivity and stability to various substrates. (a) and (b) State of a thin layer of nLM-THEMs on surfaces
composed of (from left to right) glass, plastic and copper plates (a) directly after being coated and (b) a month after being coated. (c) Cardboard
coated with a thin layer of micro-LM-THEMs exhibiting LM microdroplets that have fused into macrodroplets. (d) Rheological properties of the
nLM-THEM. (e) Viscoelastic plots of nLM-THEM.
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remains as bright and clean as the original surface. The FEG-
SEM images and EDX spectra further demonstrate the anticor-
rosive effect of the nLM-THEMs. According to the EDX spectrum
analysis, the ratio of oxygen and gallium increases and the
aluminum is relatively reduced when the aluminum block is in
contact with EGaIn (Fig. 5(k)) compared to the clean aluminum
(Fig. 5(j)) and the elemental composition of the aluminum in
contact with nLM-THEM (Fig. 5(l)) does not change during the
corrosion test. Aer the aluminum is in contact with EGaIn, the
aluminum surface becomes porous and uneven (Fig. 5(n)). In
contrast, the structure of aluminum in contact with nLM-THEM
exhibits a regular and close arrangement with no corrosion
(Fig. 5(o)) as well as the clean aluminum (Fig. 5(m)).

Before the XRD/EDS analysis, the nLM-THEMs was removed by
plastic scraper, then the aluminum plate was gently wiped cleanly
with dust-free paper. In order to test whether there is corrosion
existed in the nLM-THEMs sample, we further analyzed the scra-
ped nLM-THEMs from the aluminum plate by energy spectrum,
and the result is shown in Fig. S4.† From the element content table
and the spectrum analysis, it is found elements containing C, O,
In, Ga and Si, except Al. Hence, it is strongly proved that the
16238 | RSC Adv., 2018, 8, 16232–16242
aluminum corrosion hasn't been occurred when contact with
nLM-THEMs.

The LM nanoparticles in the nLM-THEM form an effective
protective layer aer modication to prevent direct contact
between the LM and the aluminum surface, thus avoiding
further corrosion by blocking the migration of gallium atoms.
In addition, the nLM-THEM demonstrates no obvious corrosion
response to the glass, plastic or copper plates, as shown in
Fig. 4(c) and (d). In summary, the nLM-THEMs have excellent
thermal insulation properties and stability, as well as good
corrosion resistance.
3.5 Enhanced cooling effect of nLM-THEMs

To demonstrate the actual heat dissipation effect of the nLM-
THEMs, 201-methyl silicone oil, Deepcool®Z9 thermal
conductive grease with thermal conductivity > 4.0 W m�1 K�1,
and nLM-THEMs with a volume fraction of LM of 85.7% (v/v) are
used to do a parallel test of the cooling effect. Fig. 6(a) shows
a schematic diagram of the experimental device. The stability of
the thermal distribution is shown in Fig. 6(b), where it can be
seen that the average temperature of the device with the silicone
This journal is © The Royal Society of Chemistry 2018
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Fig. 5 Corrosion test results. (a)–(i) Corrosion of aluminum surface as a function of time. (j) Energy-dispersive spectra of the clean aluminum
blocks. (k)–(l) Energy-dispersive spectra of aluminum blocks after nine days of contact with (k) micro-LM-THEMs and (l) nLM-THEMs. (m) FEG-
SEM image of the clean aluminum surface. (n) and (o) FEG-SEM image of the aluminum surface after nine days of contact with (n) micro-LM-
THEMs and (o) nLM-THEMs.

This journal is © The Royal Society of Chemistry 2018 RSC Adv., 2018, 8, 16232–16242 | 16239
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Fig. 6 Actual cooling effect comparison of methyl silicone oil, thermal conductive paste and nLM-THEMs. (a) Experimental device diagram of
the actual cooling effect of the three THEMs. (b) Temperature distribution thermal image of the test. (c) Core temperature of the euthermic chips
as a function of time.
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oil as the interface material is highest, the average temperature
with Deepcool Z9 is lower, and the average temperature with
nLM-THEMs is lowest.

The core temperature of the chips using silicone oil as the
interface material stabilized at �90 �C and its average
temperature rise rate is the highest at 0.66 (�C s�1) in the
beginning, that with Deepcool Z9 thermal paste stabilized at
�70 �C and its rate at 0.51 (�C s�1), and that with nLM-THEMs
stabilized at�60 �C having the lowest average temperature rise
rate at 0.3 (�C s�1) in the beginning (see Fig. 6(c)). This
experimental result shows that the thermal diffusivity and
thermal conductivity of then LM-THEMs are superior to that of
commercial THEMs under the same heating conditions.
16240 | RSC Adv., 2018, 8, 16232–16242
3.6 Young–Laplace equation reveals the higher stability of
nLM-THEMs than micro-LM-THEMs

Here, we report a LM-based thermal interface composite with
high thermal conductivity. The maximum thermal conductivity
of the nLM-THEMs is up to 6.73 � 0.04 W m�1 K�1(�50 times
more than the base polymer) and the volume resistivity is 2.09
� 109 U m at 220 V. The ability of these high-thermal nLM-
THEMs achieves superior thermal conductivity compared to
conventional micro-LM-THEMs. The reason may be owing to
the fact that the surfactants change the surface properties of the
LM particles, in particular by reducing the surface tension of the
LM.38 Unlike conventional LM-TIMs exhibiting a microstruc-
ture, the nLM-THEMs exhibit a dense array of smooth spherical
particles that largely range from 100–800 nm in diameter at
This journal is © The Royal Society of Chemistry 2018
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Fig. 7 Schematic illustration showing the stability comparison
between nLM-THEMs and micro-LM-THEMs. According to Young–
Laplace equation, only when external force greater than 2g/R2, it is
possibility to trigger deformation of LM droplet. When 2g/R2 < F < 2g/
R1, nLM-THEMs show high stability while micro-LM-THEMs have been
merged with each other.
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22 �C. Aer sonication, Span 85 molecules are coated on the
surface of the LM droplets, which prevents the LM droplets
from merging immediately with each other when they come in
contact. Span 85 is a hydrophobic surfactant with a HLB
(hydrophile and lipophile balance) value of 1.8, which is well
combined with methyl silicone oil. This can improve the LM
dispersion effect in the THEMs, so a “sphere–sphere” combi-
nation can be seen in the structural state of the nLM-THEM
microstructure. As shown in Fig. 1(a) and (b), each sphere is
in direct contact with the surrounding spheres, but cannot be
fused to form larger LM spheres because the surfaces area
combination of surfactant and silicone oil.

The “sphere–sphere” stable structure not only ensures an
effective heat transfer path to improve the thermal conductivity of
the material, but also achieves a uniform and stable nLM-THEMs.
In the micro-LM-THEMs with no modication, the droplet struc-
ture is seen to be discontinuous with many “ditch back” features,
with an appearance similar to the human brain. The structure of
the “sphere–liquid–sphere” is extremely unstable. The liquid
inclusion in themiddle of the droplet will be “squeezed out” under
external force, and these discontinuous droplets will re-contact
and fuse into larger spheres. The LM in conventional micro-LM-
THEMs continuously and gradually precipitates with time
(Fig. 3(b)), whereupon the silicone oil is separated from the
materials and accumulates on the surface (Fig. 3(b)). According to
a previous study, a surface pressure of 1.7 MPa can cause
a permanent change in a thin sheet (0.5 mm thick) of poly-
(dimethylsiloxane) embedded with inclusions of LM (gallium–

indium–tin) microdroplets (2–30 mm in diameter), whereupon the
lm becomes electrically conductive with the concentrated stress.39

For EGaIn nanoparticles 100 nm in diameter it was found that the
necessary sintering pressure is �10 MPa,40 while <1 MPa of pres-
sure was required to sinter particles with diameters > 1 mm.41

According to Young–Laplace equation, when external force
satises the following condition, there is possibility to trigger
the liquid metal droplet deformation, if external force satises:

F > P > 2g/R

where, F is external force, P is internal pressure of liquid metal,
g is surface tension, R is radius of liquid metal droplet. Take
EGaIn as example, the surface tension of EGaIn is 0.624 N
m�1.42 For a LM droplet with radius equal to 100 mm, external
forces greater than 1.248 � 104 N can trigger the spherical
deformation of LM droplet. As to droplet with radium of
100 nm, external force is as high as 1.248 � 107 to trigger the
deformation.

Our results are consistent with the trend found in previous
experiment and Young–Laplace equation, which may help to
explain the increased stability of nLM-THEMs compared to that
of micro-LM-THEMs as shown in Fig. 7. It is worth noting that
the LM nanoparticles are further coated with polymer based
surfactant, which means that LM nanoparticles may require
more concentrated pressure to fuse. The inclusion of stable LM
nanoparticles solves the problem of silicone oil exudation as
well as preventing the corrosion risk brought by metal
precipitation.
This journal is © The Royal Society of Chemistry 2018
The combination of high thermal conductivity and stability
is especially critical for rapid heat dissipation in electrical
packaging applications, such as chip cooling, in integrated
circuits. The nLM-THEMs demonstrate excellent heat dissipa-
tion capabilities compared to commercial silicone oil and
grease.
4 Conclusions

It is found that the nLM-THEMs can solve the stability problem
exhibited by conventional micro-LM-THEMs, as well as prevent
electricity leakage and corrosion. These results greatly recom-
mend LM-based THEMs for further practical applications. It is
shown that the use of ultrasonic dispersion and surfactant
control can effectively achieve a uniform nanoscale LM in base
materials. The maximum thermal conductivity of then LM-
THEMs reaches 6.73 � 0.04 W m�1 K�1 with lling ratios of
85.7% (v/v) while the volume resistivity is 2.09 � 109 U m at
220 V, which ensures a high thermal conductivity and electric
insulation. It is shown that the isotropic nLM-THEMs exhibit
excellent cooling effects for the heating source. We anticipate
that this nLM-THEM will be appropriate for a wide array of
future applications in electronic packaging.
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