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Abstract This study reports a gallium-based thermal inter-
face material (GBTIM) consisting of gallium oxides dis-
persed uniformly into the 99 % gallium metal. The wet-
tability of GBTIM with other materials is disclosed and
compared. The thermal conductivity of GBTIM measured
by a computer-controlled Mathis TCi thermal analyzer is
∼13.07 W m−1 K−1 at room temperature, which is signif-
icantly higher than that of conventional thermal greases.
An experimental facility is described to measure the ther-
mal resistance across the GBTIM under steady-state con-
ditions and the thermal interface resistance is measured as
low as 2.6 mm2 kW−1 with a pressure of 0.05 MPa, which
is an order lower than that of the best commercialized ther-
mal greases. Further, the GBTIM is formed into a desired
shape to enhance thermal transfer, such as semi-liquid paste
or thermal pad, which can be cut into a required shape.

1 Introduction

With the trend of the rapid progress of the highly integrated
and minimized electronics, power density of electronic com-
ponents has increased year by year. In response to the size
limitations and strict reliability requirements, such elec-
tronic systems generally require cooling a high power den-
sity through a limited temperature drop from device junc-
tion to a cooling system. Hence, heat removal remains a
big challenge for the utilization of electronic devices with
high performance, spanning from multicore processor, high
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brightness light emitting diodes (LEDs), to advanced mili-
tary avionics [1–3]. In order to achieve the necessary cool-
ing, using an efficient cooling system and high thermal con-
ductive coolant materials is an effective way. In addition,
thermal interface materials (TIMs) with high performance
used to form a thermal joint between an electronic compo-
nent, such as a chip and a cooling system, are also found to
be more important and critical [4–6].

Heat transfer between solid interfaces can be of great im-
portance in many applications. However, solid–solid inter-
faces usually have relatively high thermal resistance, espe-
cially the high contact resistance which is due to the surface
roughness of both surfaces which prevents perfect contact
between the surfaces. For example, the contact resistance of
a thermal interface consisting of bare silicon to silicon con-
tact is on the order of 100 mm2 kW−1 [7, 8]. To solve this
problem, TIMs can be adopted to reduce the contact resis-
tance between solid contacts. Generally speaking, a thermal
interface material should have high thermal conductivity and
sufficient compliance to assure great conformability to the
solid surfaces. Such thermal interface materials can signifi-
cantly enhance the contact between solid surfaces and thus
reduce the contact resistance.

So far, a wide range of TIMs have been investigated:
thermal fluids, thermal greases or pastes, phase change ma-
terials, solders, thermal pads, thermally conductive adhe-
sives. Thermal greases can have thermal interface resis-
tance ranging between 20 and 100 mm2 kW−1 when filled
with conductive powders, while it can be as low as 6
mm2 kW−1 when filled with Na2SiO3 and BN [9]. Cur-
rently, research on thermal interface materials has focused
on polymer-based gels and it can achieve values in the range
of 40–80 mm2 kW−1 [9]. in some improved gels using more
advanced fillers such as graphite nanoplatelets [10], or the
fabrication of thermal interface materials using carbon nan-
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otube arrays (CNTs) [11–13], a thermal interface resistance
can be as low as 19.8 mm2 kW−1 [12].

As is well known, the thermal conductivity of a metal is
much higher than that of general inorganic/organic materi-
als, such as thermal fluid, silicone oil, and any other organic
fluids. Thus, if a certain liquid metal or its alloys with a low
melting point are utilized as a thermal interface material, a
much higher heat transfer capacity than that of traditional
TIMs can be obtained. Hamdan et al. present a thermal in-
terface material consisting of an array of mercury micro-
droplets deposited on a silicon die [14]. The thermal inter-
face resistance was measured as low as 0.235 mm2 kW−1.
Compared with mercury, gallium and its alloys are nontoxic
and safe. In fact, gallium and its alloys due to their favorable
properties, such as nontoxic, low melting point, high thermal
conductivity and so on, have been proposed by Liu and Zhou
in 2002 to be used for the thermal management of computer
chips and got more valuable achievement [15–19]. Mean-
time, International Business Machines (IBM) company pro-
posed a liquid metal matrix thermal paste comprised a dis-
persion of thermally conductive particles in a low melting
temperature liquid metal matrix such as gallium or its al-
loys [20]. However, the wettability of liquid metal thermal
paste with other materials has not been improved fundamen-
tally and there are currently few publications concerning this
critical issue, which, however, seriously restricts the practi-
cal value of such TIM.

In this paper, the gallium-based thermal interface mate-
rial (GBTIM) retaining its semi-liquid state permanently and
indefinitely under normal operating conditions and environ-
ment was prepared by oxidation reaction method aiming to
find the highly compliant thermal interface material, which
can actually be used in reality. The comprehensive experi-
ments demonstrate that the GBTIM shows an excellent wet-
tability with many materials because of the existence of gal-
lium oxides. The mechanisms dominating the phenomenon
were preliminarily disclosed and interpreted. The thermal
properties including thermal conductivity and thermal inter-
face resistance of GBTIM were studied.

2 Experimental setup

2.1 Preparation of GBTIM

Gallium metal with a purity of 99.99 percent was used as
raw material to prepare GBTIM. A certain amount of gal-
lium was melted and weighted. The detailed synthesis pro-
cedures were outlined respectively as follows:

Firstly, the weighted gallium was added into beaker and
stirred using a magnetic stirrer. Then 10 ml 30 % NaOH so-
lution was added slowly to clean the metals. The mixture
was stirred at room temperature for short periods of time;

the contents of the beaker had both an aqueous phase and
a metallic phase. Then, the gallium was separated from the
mixture and stirred constantly in air at room temperature to
be oxidized. As is well known, the oxide layer forms eas-
ily and prevents the gallium to be oxidized further. How-
ever, the vigorous stirring broke the oxide layer so that more
and more gallium metal was further oxidized. The viscos-
ity of mixture increased gradually with the amount of gal-
lium oxides. After being vigorously stirred for periods of
time, GBTIM can be obtained with a suitable viscosity, be-
ing composed of gallium metal and gallium oxide dispersed
uniformly in gallium metal. It is worth to mention that in this
experiment, the experimental parameters such as amount of
gallium, stirring time and stirring speed should be tightly
controlled.

2.2 Characterization of GBTIM

X-ray powder diffraction analyses (Termed as XRD) were
performed on a BRUKER D8 ADVANCE X-ray powder
diffractometer with CuKa radiation (graphite monochroma-
tor). The scanning step width of 0.031 and the scanning rate
of 0.031 s−1 were applied to record the patterns in the 2θ

range of 10° to 80°. The component analysis of specimen
was characterized by Energy-Dispersive Spectroscopy spec-
tra termed as EDS (FESEM, S4300, Hitachi).

Thermal conductivity measurements of GBTIM were
performed in air by using a computer-controlled Mathis TCi
thermal analyzer in the range of 0 to 100 W m−1 K−1. Prior
to each measurement, the sample was stabilized at constant
temperature for at least 1 hour to ensure thermal equilibrium.

Thermal interface resistance measurements were per-
formed with 4 different heating powers of 40, 60, 80 and
100 W, respectively. Heating power of the source was calcu-
lated by measured input voltage and current. Three tempera-
tures, for the upper copper block T1, lower copper block T2
and ambient T3, were measured with an accuracy ±0.5 °C
by T-type thermocouples. All the data were recorded using
Agilent 34972A, USA. Temperatures were obtained when
the system got stabilized.

3 Results and discussion

Figure 1 shows the Energy-Dispersive Spectroscopy (EDS)
spectra for the gallium metal and the prepared GBTIM using
the above method. It can be seen that the two samples consist
of three elements: gallium, oxygen and carbon. The amount
of oxygen in GBTIM increases apparently compared with
that of Ga sample as shown in Fig. 1(b), which may be at-
tributed to the oxidation reaction of Ga when it was stirred
for a long time in air. As is well known, the amount of
oxygen and carbon cannot be accurately measured by EDS.
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Fig. 1 Energy-Dispersive
Spectroscopy spectra of Ga, O
and C elements in the
(a) gallium and (b) GBTIM
specimens prepared by stirred
gallium metal in air at room
temperature for periods of time

Fig. 2 Powder XRD patterns of gallium metal and GBTIM

Therefore, the accurate amount of gallium oxide in GBTIM
will be discussed in the following section.

Figure 2 shows the powder XRD patterns of gallium
metal and the prepared GBTIM using the above method,
respectively. X-ray diffraction of gallium and GBTIM in-
dicates the same composition of gallium (JCPDS 65-2493),
which is orthorhombic, and the space group is Cmca. Gen-
erally speaking, the XRD patterns of content cannot be mea-
sured when its amount is less than 5 wt %. Hence combined
with the results of Energy-Dispersive Spectroscopy spectra
shown in Fig. 1, we think that only a small part of gallium is
oxidized when stirred in air for a long time. A small amount
of gallium oxides generated by stirring continuously in air
disperses in gallium metal and increases the viscosity and
wettability of GBTIM [21].

For a further confirmation of the composition of GBTIM,
two experiments were carried out. One was in changing
the experimental atmosphere as high vacuum. The gallium
metal and a magnetic stirrer were sealed in quartz ware with
a high vacuum of about 5 × 10−5 Pa as shown in Fig. 3(a).
in the other one the prepared GBTIM was cleaned by 30 %
NaOH solution at room temperature as shown in Fig. 3(b)
and (c). The results are outlined in the following.

The quartz ware was put on the mixing platform and
stirred. After the same periods of time, the viscosity and
wettability of sample are the same as those of pure gal-
lium metal, but totally different from those of GBTIM pre-

pared in air. The reason can be that the high vacuum of
5 × 10−5 Pa in quartz ware cannot supply sufficient oxy-
gen for oxidation reaction of gallium to take place. More
importantly, the components of GBTIM consisting of gal-
lium metal and gallium oxide can be proved effective in this
experiment.

Figure 3(b) and (c) shows respectively the morphology
of GBTIM and GBTIM which is cleaned by 30 % NaOH
solution for a period of time. It can be seen that the viscos-
ity of GBTIM rapidly diminishes with cleaning time, and
the fluidity is the same as that of liquid gallium. Here, the
amount of sample was weighted before and after cleaning
with NaOH solution. The amount of gallium oxides can be
calculated as 1 wt%, which is in good agreement with the re-
sults of XRD and EDS. The possible reaction in this process
can be described as follows:

Ga2O3 + 2NaOH = 2NaGaO2 + H2O (1)

In a thermal interface material, the wettability with other
materials plays an important role in heat transfer. We ob-
served the wettability of GBTIM with copper, stainless steel
and silicon. For comparison, the wettability of gallium metal
with copper is studied.

Prior to the experiments, the copper, stainless steel and
silicon were cleaned several times by ethanol and de-ionized
water with an ultrasonic frequency of 100 Hz. Figure 4(a)
shows the wettability of gallium metal with copper, which
is rather poor. That is, the gallium droplets easily run over
because of the high surface tension of about 0.708 N m−1

at 29.8 °C [22]. Figure 4(b)–(d) presents the wettability of
GBTIM with copper, stainless steel and silicon, respectively.
As shown in the figure, the wettability of GBTIM is ap-
parently improved and the thin layer can be painted uni-
formly on different materials, which may be explained by
the existence of gallium oxide in GBTIM. Some researchers
have observed that a number of different materials would be
wetted by oxidized gallium or alloys [21]. The better wet-
tability of GBTIM can reduce effectively the thermal con-
tact resistance at the interface, which realizes the application
of liquid metal used as thermal interface material in ther-
mal management, especially in high power electronic de-
vices.
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Fig. 3 (a) The gallium sealed in
quartz ware with a high vacuum
of 5 × 10−5 Pa; (b) Morphology
of GBTIM; (c) GBTIM was
cleaned by 30 % NaOH solution
for a period of time

Fig. 4 Wettability of gallium
metal with copper (a), GBTIM
with copper (b), stainless
steel (c) and silicon (d). The red
line stands for the boundary

In order to achieve the cooling requirement, GBTIM
must possess a high thermal conductivity which is deter-
mined by Mathis TCi thermal analyzer. After measurements
for 8 times, the thermal conductivity of GBTIM is about
13.07 W m−1 K−1 at room temperature. In general, the ther-
mal conductivity of gallium metal is about 29.4 W m−1 K−1

at 50 °C [23]. Namely, a small amount of gallium oxide
can apparently decrease the thermal conductivity of gallium.
However, it is still significantly higher than that of currently
commercialized thermal grease which has the best thermal
conductivity of 7 W m−1 K−1 when filled with some metal
nanoparticles [24].

To measure the thermal interface resistance of GBTIM,
the experimental apparatus is established as shown in Fig. 5.
The entire experimental setup is mainly composed of three
parts: the heat source, GBTIM, and the cooler system. Heat
source is simulated by a heating rod and a copper block,
with heat dissipation area 30 mm × 40 mm designed to con-

tact with the material to be measured. The cooler system is
formed with a copper block, heat sink and fan. The copper
block is connected to heat sink using silicone grease. The
outer-surface of the aluminum heat sink is cooled by air.
Heat flux across the copper block and GBTIM, and the ther-
mal interface resistance, can be obtained by the temperature
difference of two sides of GBTIM. For reducing the heat
loss, the insulated cotton and plastic foam are used to wrap
the copper blocks. The heat loss estimated by the temper-
ature difference of copper blocks with the ambient is less
than 1 %.

Heat flux across the block is measured using the steady-
state temperature difference (�T = T 1 − T 2) between the
two sections (Sect. 1 and Sect. 2 as shown in Fig. 6(a)). From
these data, the thermal resistance of the sample is calculated
as

Rtotal = A(T 1 − T 2)

Q
(2)
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where Q is the total power, A is the sample area, and T 1
and T 2 represent the temperatures of the two blue points on
the upper Cu block and lower Cu block, respectively.

As can be seen in the equivalent resistance model
(Fig. 6(b)), the measurement discussed previously encom-
passes all the resistance components of the structure, includ-
ing the conductive thermal resistances of upper and lower
copper blocks (RCu1 and RCu2) and the thermal interface

Fig. 5 Experimental apparatus for thermal resistance measurement.
The arrows represent the flowing direction of wind

resistance of GBTIM. Hence the total thermal resistance be-
tween the two sections is

Rtotal = RCu1 + RGBTIM(Interface) + RCu2 (3)

As is well known, the conductive thermal resistances of
copper block can be calculated as

RCu = RCu1 + RCu2 = �x

λ
= �x1

λ
+ �x2

λ
(4)

where �x1 and �x2 are the distances from Sect. 1 or Sect. 2
to the interface, respectively, as shown in Fig. 6(a), and
λ is thermal conductivity of copper. Hence we can obtain
the thermal interface resistance of GBTIM by Eqs. (2), (3)
and (4).

In Fig. 7(a), the temperature of heat source is plotted as
a function of the heat load. As expected, temperatures of
components rose with increase of the heating power. GB-
TIM used as thermal interface material can decrease effec-
tively the temperature of components, especially with a pres-
sure of 0.05 MPa. In Fig. 7(b), the temperature difference
between the two copper blocks is plotted as a function of
the heat load. Here, the copper blocks contact with thermal
greases and GBTIM without any pressure, and GBTIM with
a pressure of 0.05 MPa, respectively. It can be seen that the
temperature difference of two copper blocks with GBTIM
as thermal interface material is smaller than that with ther-
mal greases as thermal interface materials. Moreover, the
temperature difference decreases with increasing pressure,
which is consistent behavior for most thermal interface ma-
terials. It also shows that GBTIM provides a better contact

Fig. 6 Sketch map used for
thermal resistance measurement
and equivalent thermal
resistance model. RCu1 and
RCu2 represent the conductive
thermal resistance of the upper
and lower Cu blocks. RGBTIM
(interface) represents the
thermal interface resistance of
GBTIM

Fig. 7 Temperature of the heat
source (a) and temperature
difference (b) between the two
copper blocks with the heat load
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Fig. 8 Thermal infrared graph
for the system using thermal
greases (a) and GBTIM (b)

Fig. 9 Thermal interface resistance with the heat load

at increased pressure and improves the heat spreading effec-
tiveness.

Figure 8 shows the thermal infrared graphs for the sys-
tem using thermal greases and GBTIM when the heat load
is around 100 W. Colors in the graphs indicate the surface
temperature of the system. The emissivity is set as 0.85. The
difference between temperatures obtained from the thermal
infrared camera and measured by thermocouple is less than
1 °C. Since the heat source was wrapped with sufficiently in-
sulated cotton and plastic foam, the color for heat source is
a deep blue. The temperatures of the upper and lower cop-
per blocks obtained from the infrared graph are the focus
of present research. To better understand the difference be-
tween the two kinds of TIM, the temperature scales are all
set from 22.9 to 74.9 °C.

The temperature of the upper copper block in Fig. 8(a)
is higher than that in Fig. 8(b). Compared with thermal
greases, it is confirmed, again, that GBTIM has a better
heat transfer capacity due to higher thermal conductivity and
lower thermal interface resistance.

Figure 9 shows the thermal interface resistance with the
heat load for GBTIM without pressure and GBTIM with a
pressure of 0.05 MPa. Generally speaking, constant ther-
mal resistance values should be obtained at different heat
flux. However in our case, the thermal interface resistance
of GBTIM decreases from 9.1 to 7.5 mm2 kW−1 with in-
crease of the heat load. This phenomenon also appears in
GBTIM under a pressure of 0.05 MPa and the interface re-
sistance ranges from 5.6 to 2.6 mm2 kW−1. When the heat-
ing power is higher than 75 W, namely the temperature of
GBTIM is higher than 50 °C, the thermal interface resis-
tances achieve minimized values. This can be explained by
the fluidity of GBTIM. The melting point of GBTIM is mea-
sured as 30.0 °C, which is the same as the melting point of
gallium metal. The GBTIM mobility is improved and mini-
mizes thermal contact resistance under increasing heat flux
by filling voids in the interfaces.

Successful thermal management requires perfect TIMs
that connect the chip and the heat sink. These materials are
used to reduce or completely eliminate the air gaps from
the contact interfaces by conforming to the rough and un-
even mating surfaces, as shown in Fig. 10(b) and (c). This is
because the TIM generally possesses a higher thermal con-
ductivity than the interfacial gas (air) they replace. The effi-
ciency of the TIM in reducing the interfacial thermal resis-
tance depends on a number of factors among which thermal
conductivity of the materials and its ability to wet the mat-
ing surfaces appear to be the most significant [25]. GBTIM
with a semi-liquid state exhibits higher thermal conductivity
and better wettability of rough surfaces, making it to fill all
the gaps between two solid surfaces as shown in Fig. 10(c),
which can effectively reduce thermal contact resistance and
thermal conductive resistance and enhance the heat spread
of electronic components.

The liquid metal thermal interface material acts as a high
thermal conductive medium which is formed into a desired
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Fig. 10 Contributions of
thermal contact resistance and
thermal conductive resistance:
(a) without any TIMs, (b) with
poor TIMs, and (c) with GBTIM

Fig. 11 Exhibition of GBTIM
with different types: (a) and (b)
are the photographs of GBTIM
pad which can be cut into a
required shape; (c) and (d) are
the photographs of GBTIM
which can be painted on any
interface because of the liquid
state

shape to enhance thermal transfer. Figure 11(a) and (b) are
the photographs of GBTIM pad which can be cut into a
required shape. In fact, Coollaboratory company has fabri-
cated a kind of liquid metal pad which has a higher melt-
ing point of 58 °C [26]. However, for GBTIM, when the
heat fluxes across the interface, the pad will be melt at about
30 °C and fill all the gaps, thus enhancing the heat trans-
fer effectively. The GBTIM with a semi-liquid state was en-
cased into the injector as shown in Fig. 11(c) and (d). It melts
with just less heating and can be easily painted on any inter-
face.

From the viewpoint of application, GBTIM consists of
at least 99 % gallium metal, which is absolutely nontoxic
and has a high wettability for several materials, and pro-
vides an effective and realizable way to be used as TIMs in
cooling high power dissipation components in conjunction
with a conventional fluid/wind cooling system. In addition,

the carbon nanotubes and nanoparticles with higher thermal
conductivities including Ag, Au and Cu can be added into
GBTIM to further decrease the thermal interface resistance,
thus enhancing the heat transfer.

4 Conclusion

In summary, this work presents the preparation and char-
acterization of a gallium-based thermal interface material
consisting of gallium oxides dispersed into the 99 % gal-
lium metal. The thermal conductivity of GBTIM is about
13.07 W m−1 K−1 at room temperature. An experimental
facility which measures the thermal resistance across the
GBTIM under steady-state conditions is described. A ther-
mal interface resistance as low as 2.6 mm2 kW−1 with a
pressure of 0.05 MPa was measured, which is much lower
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than that of the best commercialized thermal greases. The
GBTIM is formed into a desired shape to enhance thermal
transfer, such as semi-liquid paste or thermal pad, which
can be cut into a required shape. Liquid metal thermal inter-
face materials are considered to be the next-generation high-
performance heat transfer medium and are believed to have
remarkable advantages over already commercialized ther-
mal interface materials with regard to higher thermal con-
ductivity, lower thermal resistance, and better adhesion.
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