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1 Introduction

ABSTRACT

In this work, liquid metal-based hybrid thermal interface materials were fabri-
cated using chromium-coated diamond particles (CCDPs) and eutectic gallium—
indium-tin low melting temperature alloy (EGa-In-Sn LMTA), and the changes
in material thermal conductivity and viscosity with the volume mixing ratio of
liquid metal and diamond were investigated. The thermal conductivity of TIMs
shows a bell-shaped trend of first increasing and then decreasing with the
increase of CCDP content, reaching the highest value of 126 +£ 6 W/mK at a
50% CCDP volume mixing ratio. When the CCDP content reaches the critical
value (40%), the CCDPs formed a chain-like structure connected by LMTA,
greatly enhancing heat transfer. The flowability of the LMTA /CCDP composite
TIMs shows a decreasing trend with the increase of diamond content. The
formation of liquid bridges and the presence of capillary forces cause the TIM to
exhibit different flow characteristics from liquid to solid states.

improves the power density. Therefore, how to
improve the heat dissipation power to a large extent

With the increase in integration and the size reduc-
tion of microelectronics chips, the performance of
microelectronic devices has been dramatically
improved in recent years. Meanwhile, the high inte-
gration of microelectronic chips also significantly
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has become one of the most critical chip packaging
challenges.

Thermal interface materials (TIMs) can adequately
enhance the heat transfer between heterogeneous
materials interfaces, which are critical to the overall
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thermal performance of microelectronic components.
In a typical microchip package, as shown in Fig. 1.
TIMs were used to reduce the interface thermal
resistance and improve heat dissipation from the chip
to the heat sink. On the one hand, for interface
between two solid surfaces, such as between the
chips and the heat sinks, the use of TIMs can signif-
icantly improve thermal diffusion. On the other
hand, TIMs can fill the micro-gaps that exist on solid
surfaces, which has a constructive effect on reducing
the interface contact thermal resistance (ICTR)
between solid surfaces.

Total thermal resistance between the die and the
heat sink includes volume thermal resistance and
ICTR, which can be written as:

R =R;+ R + Ry (1)
BLT

Rm = — (2)
TIM

where R is the total thermal resistance, Ry is the
volume thermal resistance of TIM, R; and Ry are the
ICTR on each side of TIM, BLT is the bond line
thickness of TIM and /rpv is the thermal conductivity
of TIM.

Several types of TIMs have been developed,
including greases [1], gels [2], thermal pads [3], car-
bon-based TIMs [4], phase change materials (PCMs)
[5], solder [6] and low melting temperature alloys [7].
Until now, polymer-based TIMs were still the most
widely used commercial TIMs due to their simple
and convenient operation. However, their low ther-
mal conductivity greatly limits their application,
especially on high-power electronics. Carbon-based
materials have high thermal conductivity, but the
ICTR is high when they are in contact with hetero-
geneous materials, which fails to give full play to
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their advantages of intrinsic high thermal conduc-
tivity. Solder has high thermal conductivity, but
requires reflow and surface metallization, which
makes it difficult to be used as TIM.

Low melting temperature alloys (LMTAs), also
known as liquid metals (LMs) or fusible alloys, have
excellent thermal conductivity and good wettability,
which make them have great potential in the field of
thermal management [8]. Jing [9] proposed using
pure liquid metals as thermal interface materials to
cool high-performance chips, and prepared a gal-
lium-based liquid metal thermal interface material
with thermal resistance of only 5.4 K-mm?/W. Martin
and Kessel [10] revealed that the thermal conductiv-
ity of liquid metal thermal interfaces can achieve
31 W/m-K, while the thermal resistance could be as
low as 2 K-mm?/W. Huang et al. [11] propose an
improved form of LM/indium film/LM sandwich
pad as an efficient thermal interface material, repor-
ted a thermal resistance of 3.6 K-mm?/W. Roy et al.
[12-14] measured the thermal resistance of 100 Ga,
Gays s5Inyy 5, and Ins Bisy 5Snlg 5 with a matrix-LMTA-
matrix structure (the matrix is W, Cu, Ni), an extre-
mely low thermal resistance of 0.5 K-mm?/W is
achieved for W-Ins;Bis, 55n165-W structure.

Coating LMTA on the interface of other TIMs is
another effective method to reduce the ICTR. Hill RF
and Strader JL [15] obtained TIMs with thermal
resistance of 1.7 K-mm?/W by coating Bi-In-Sn low
melting temperature alloy on both sides of nickel-
plated copper foil. The advantage is that the amount
of liquid metal is small, which limits the overflow of
liquid metal as reduces the contact thermal resis-
tance, but the thin layer of liquid metal is easily
exhausted due to degradation reaction, resulting in
the increase of interface thermal resistance.

R=Ri+Rrnv+Ru

Temperature

Fig. 1 Schematic diagram showing that an ideal TIM could fill the gap between the die and heat sink and reduce the BTR in a typical

microchip package
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Coating LMTA on the surface of other TIMs is
another effective method to reduce the ICTR. Hill RF
and Strader JL [15] obtained a TIM with thermal
resistance of 1.7 K-mm?/W by coating Bi-In-Sn low
melting temperature alloy on both sides of nickel-
plated copper foil. The advantage is that the amount
of liquid metal is small, which limits the overflow of
liquid metal while also reduces the contact thermal
resistance. However, due to interfacial reactions, the
thin layer of liquid metal is easily exhausted, leading
to an increase in interfacial thermal resistance.

Adding particles or reinforcements with high
thermal conductivity into the matrix is a common
method to fabricate TIMs. Research has found that
after adding metal particles (such as copper [16-18],
silver [19, 20], tungsten [21], gadolinium [22], mag-
nesium [23], nickel [24]) or inorganic high thermal
conductivity particles (such as diamond [25-28],
aluminum nitride [29], silicon carbide [30], quartz
powder [31], boron nitride [32, 33], carbon nanotubes
[34, 35], graphene oxide [36] and graphene [37]), the
thermal conductivity of liquid metal can be signifi-
cantly improved. Furthermore, the adding particles
to liquid metal can also reduce its flowability, thereby
limiting the overflow of liquid metal. However, there
were still some problems that need to be clarified. (1)
The thermal conductivity does not always increase
with the increase of thermally conductive particles,
the relationship between thermal conductivity and
the content of reinforcements is still unclear. (2)
Although the flowability of liquid metals is crucial for
their application as TIMs, the relationship between
the flowability of the liquid metal and the reinforce-
ments particles content has rarely been reported. (3)
The influence of thermal conductive particle distri-
bution on the heat transfer mechanism is still unclear.

Diamond is an ideal thermal conductive filler due
to its high thermal conductivity of 2000 W/m-K. In
our previous work, Wei et al. [25] demonstrated that
chromium-coated diamond particles (CCDPs) can
significantly increase the thermal conductivity of
pure gallium. The chromium layer forms a favorable
interfacial bond with diamond, which has a positive
effect on improving the phonon mismatch between
diamond and liquid metal. The chromium layer also
prevents excessive consumption of liquid metal. In
this work, EGa-In-Sn LMTA, which has a lower
melting point and higher thermal conductivity than
Ga, was used as the matrix. Liquid metal-based
hybrid thermal interface materials were fabricated by
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adding the chromium-coated diamond particles
(CCDPs) into the EGa—In-Sn LMTA. The effect of the
mixing ratio of liquid metal and diamond on the
thermal conductivity and viscosity were investigated.
Furthermore, the influence mechanisms on the
thermo-rheological properties of the LMTA/dia-
mond composite TIMs are analyzed and discussed
intensively.

2 Experimental

The eutectic Ga—In-Sn low melting temperature alloy
(EGa-In-Sn LMTA) used in this study was prepared
from high-purity materials (Ga, In, Sn: 99.99 wt%).
The composition of EGa-In-Sn LMTA is Ga: In:
Sn = 67: 20: 13 wt%. According to the order of the
melting point from low to high, the raw materials are
added to the quartz crucible for melting, and EGa-
In-Sn LMTA is obtained after cooling.

Chromium-coated diamond particles (CCDPs,
particle size ~ 40 pm, HFD-D type, Henan Huanghe
Whirlwind Co., China) were prepared by magnetron
sputtering method with the base vacuum degree of
5 x 107> Pa at 300 °C. CCDPs were tested for quali-
tative analysis using X-ray diffraction (XRD, D8
Advance). The surface morphology and roughness of
CCDPs are measured by laser scanning confocal
microscope (LSCM, Olympus LEXT OLS4000, Japan).
The chromium layer on the diamond surface was
analyzed using transmission electron microscopy
(TEM; FEI Titan Themis 200, Netherlands). Nitrogen
content is the main factor that determines the thermal
conductivity of diamonds. The nitrogen impurity
content of diamond is detected by oxygen/nitrogen/
hydrogen analyzer (LECO TCH-600, America). The
melting point of the low melting temperature alloy
was measured using differential scanning calorime-
try (DSC, Q1000) under an argon atmosphere, scan-
ning from — 60 to 60 °C and the temperature was
ramped at 5 °C/min.

To prepare LMTA /particles (CCDPs) composite
TIMs, CCDPs were added to EGa-In-Sn LMTA in
specific volume ratios (see the Supplementary Infor-
mation), and then the mixture was stirred in a
porcelain mortar until the CCDPs were fully dis-
persed and mixed, as shown in Fig. 2a.

The thermal conductivity of the TIMs was mea-
sured by steady-state thermal methods (ASTM D5470
standard) using a thermal conductivity tester (DRL-
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IlI, Xiangtan Xiangyi Instrument Co., China), as
shown in Fig. 2b. The sample was placed between Cu
disks, and thermal grease was applied between the
test surfaces and the Cu disks to achieve better
thermal contact.

The morphology of clad layer was characterized by
field emission scanning electron microscope (FE-
SEM; Zeiss Supra 55 Sapphire, Germany), and the
elements map of the LMTA /particle mixtures was
analyzed by X-ray energy dispersive spectroscopy
(EDS). The wetting angle between the LMTA and
pure chromium plate with ground and polished
surface is measured using a contact angle measuring
instrument (CAMI, JC2000D).

A mini-slump method was designed to character-
ize the flowability of LMTA/particles composite
TIMs. The testing principle was shown in Fig. 2c. The
LMTA /particle mixture was first placed in a cylin-
drical container, and then the cylindrical container
was placed in a cryogenic environment for 30 min to
ensure complete solidification of the liquid metal in
the mixture. After that, the completely solidified
sample was removed from the cylindrical container
and was placed in the center of the glass plate. When
the solidified sample is completely thawed, the
height difference before and after thawing is mea-
sured as slump.

Magnetron sputtering

———

-
-

Diamond articles
(b) (c) Dlamond

‘-
'3 Omin

Heating Unit

Thermal Grease

LMTA
Thermocouples
Thermocouples
Copper
. ®—Thermal Grease
Cooling Unit
Forming

Chromium-coated diamond particles

Freezing

Finite element simulation of the heat flux and
temperature distribution of the LMTA-particles
mixtures was carried out using MATLAB. Thermal
conduction follows Fourier’s law:

oT

7=—ig ()

where g is heat flux density, /4 is thermal conductivity
and T is temperature, the minus sign indicates that
heat is transferred in the direction opposite to the
temperature gradient.

3 Results and discussion
3.1 DSC of EGa-In-Sn LMTAs

Figure 3 shows the heating DSC curves for EGa-In—
Sn LMTA from — 60 to 60 °C, with an obvious peak
at about 12 °C. Taking the intersection of the tangent
of the curve, it can be seen that the solid-liquid
transition temperature is about 11 °C. Since the EGa-
In-Sn LMTA is a ternary eutectic alloy, a ternary
eutectic reaction L = (Ga) + In3Sn +(Sn) occurs at this
solid-liquid transition temperature (see Fig. S2 in the
Supplementary Information).

Stirred
Composite TIM

Before thawing

-10°C

Measuring

Thawing

Fig. 2 a Schematic diagram of the procedure to fabricate LMTA/particles composite TIMs; b Schematic of a typical ASTM D5470
standard setup; ¢ Schematic diagram of mini-slump method test principle
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3.2 Microstructure of CCDPs

Scanning electron microscopy (SEM) secondary-
electron imaging (SE2) characterization and X-ray
energy dispersive spectrometer (EDS) map analyses
of the pure diamond particles and the CCDPs are
displayed in Fig. 4a—e. The pure diamond particles
are dark in color, and have a complete polyhedral
shape, as shown in Fig. 4a. The surface of pure dia-
monds is smooth and reflective because pure dia-
monds are transparent and have a certain reflection
effect on light. While for the CCDPs, EDS analyses
show that the chromium coating completely envelops
the diamond, as shown in Fig. 4b, d and e. Compared
with pure diamond, CCDP is off-white in color and
has a rougher surface.

Figure 4f shows the XRD patterns of CCDPs and
pure diamond particles. The diffraction peaks at
20 = 43.9°, 75.3° and 91.5° correspond to the diffrac-
tions from (111), (220) and (311) planes of diamond
(PDF#06-0675), respectively, and the diffraction
peaks observed at 26 = 44.4°, 64.6°, 81.7° and 98.1°
correspond to the diffractions from (110), (200), (211)
and (220) planes of chromium (PDF#06-0694),
respectively. Since the chromium layer coated on the
surface of the diamond is only about 10 nm (Fig. 4g)
the diffraction peaks of chromium are much weaker
than that of diamond particles. In our previous
research, the formation of very thin carbide CrxCy
layers in the interface between diamond particles and

(Ga)+In;Sn+(Sn) ==— L

Solid Liquid

Heat Flow (W/g)

Heating

-60 40 -20 0 20 40 60
Temperature (°C)

Fig. 3 Heating DSC curve for EGa—In-Sn LMTAs from — 60 to
60 °C
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chromium layers was confirmed by the HRTEM
image and corresponding FFT pattern [25].

The thermal conductivity of diamond is affected by
many factors, such as crystal type, grain size, impu-
rity content and so on. Among them, the nitrogen
content is the main factor that determines the thermal
conductivity of synthetic Ib-type diamonds. At room
temperature, the thermal conductivity of diamond
and its nitrogen content satisfy a linear relationship
shown in Fig. 4h [38]:

ADiamond = 2200 — 3.27Cx (4)

Where /piamona is the thermal conductivity of dia-
mond, Cy is the nitrogen content of diamond. The
nitrogen content of diamond particles is 190 ppm as
measured by the TCH-600 oxygen/nitrogen/hydro-
gen analyzer. According to formula (4), the thermal
conductivity of the diamond used in this experiment
is 1578.7 W/m-K.

3.3 Microstructures of LMTA/CCDPs
composite TIMs

Figure 5a—-j show the SEM characterization of
LMTA/CCDP composite TIMs, indicating that the
wettability of chromium coating with LMTA is quite
good, which may dramatically improve the phonon
mismatch between diamond and LMTA. The mor-
phology of the LMTA/CCDPs composite TIMs is
highly dependent on the mixing volume ratio of
CCDPs. When the TIMs contain less than 50%
CCDPs, CCDPs were immersed in LMTA and uni-
formly dispersed. However, as the CCDP content
exceeds 60%, the state of CCDPs in the LMTA grad-
ually changes from complete immersion to liquid
bridge connection. This liquid bridge connection
method leads to insufficient filling of the space
between CCDPs.

In addition, even if the proportion of liquid metal is
only 15%, LMTA can also wrap the CCDPs well, as
shown in Fig. 5, which means that there is good
wettability between LMTA and CCDPs. Interestingly,
the wetting angle between the LMTA and pure
chromium plate was measured to be 131.5 degrees, as
shown in Fig. 5k, which indicates that the LMTA and
chromium are not wetting. It has been reported that
gallium oxide attached to the surface of W particles
can enhance the wettabilty between Gallium and W
particles [21]. As a gallium-based alloy, EGa-In-5Sn
LMTA also tends to form an oxide film on the

@ Springer
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Fig. 4 Scanning electron microscopy (SEM), X-ray energy
dispersive spectrometer (EDS), and X-ray diffraction (XRD)
characterization of the CCDPs and the pure diamond particles.
a and b SEM and EDS of the pure diamond particles; ¢, d and
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Fig. 5 a—j SEM characterization of LMTA/CCDPs composite
TIMs with different LMTA: CCDPs: a 90:10; b 80:20; ¢ 70:30;
d 60:40; e 50:50; f 40:60; g 30:70; h 25:75; i 20:80; j 15:85;
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surface. During the mixing and stirring process, the
oxide film may be broken and adhere to the surface of
CCDPs, enhancing the wettability between LMTA
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e SEM and EDS of the CCDPs; f XRD characterization of the
CCDPs and pure diamond particles; g Cross-sectional TEM
bright-field image of the interfacial layered structure; h Relation
between diamond thermal conductivity and its nitrogen content
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k Wetting angle of LMTA and pure chromium plate; 1 Schematic
diagram of LMTA and CCDP wetting; m Surface morphology of
CCDP

and CCDPs. Furthermore, the undulating chromium
coating on the diamond surface may also aid in the
adhesion process (Fig. 5m).
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3.4 Thermal conductivity

Figure 6a and b show the thermal conductivity and
interface thermal conductivity (ITC) of the LMTA/
CCDP composite TIMs versus CCDP mixing volume
ratio. With the increase of the CCDP mixing volume
ratio, the thermal conductivity of LMTA/CCDP
composite TIMs first increases and then decreases,
showing a bell-shaped trend. When the volume ratio
of LMTA and CCDPs is 1:1, the thermal conductivity
of the LMTA /CCDP composite TIMs reaches a peak
of 126 + 6 W/m-K, which is 4.35 times the thermal
conductivity of LMTA (Fig. 6a). Interestingly, the
curve rises sharply when the CCDP mixing volume
ratio reaches 40%. Meanwhile, compared to com-
mercial TIMs (Fig. 6¢), the wide range thermal con-
ductivity of LMTA/CCDP composite TIMs can adapt
to more use environments. And compared to gal-
lium/chromium-coated diamond composites [25],
the LMTA/CCDP composite TIMs still has advan-
tage in thermal conductivity (126 + 6 W/m-K for
LMTA/CCDP composite at a 50% CCDP volume
mixing ratio and 1125 W/m-K for Ga/CCDP
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composite at a 47% CCDP volume mixing ratio). This
indicates that chromium-coated diamond is very
effective in enhancing the thermal conductivity of
gallium-based liquid metals.

The thermal conductivity of LMTA/CCDP com-
posite TIMs mainly depends on the thermal con-
ductivity of the diamond, the thermal conductivity of
LMTA and the interface thermal conductivity (ITC)
between diamond and LMTA. Because the thermal
conductivity of diamond and LMTA is known, the
only unknown parameter is the ITC. According to the
different effective medium (DEM) model, the ITC
between LMTA and CCDP can be calculated by [39]:
a’ire(Ac — /p) + /ID/IC:| |:}LM:|%

1-a =

= 5
a)v]Tc(lM — /11)) + ApAm ( )

Ac
Where Ac, Ap, and 4y, refer to the thermal conduc-
tivity of LMTA/CCDP composite TIMs, CCDP and
LMTA, respectively. a is the radius of CCDPs. @ is the
volume fraction of CCDPs. And /;7c is interfacial
thermal conductivity. The parameters in the appli-
cation are summarized in Table 1.

% 140 6 ————160 %
=120/ (@) $ _|(b) = 8 ~|(¢) < 5 §1:1§-140§
z - o v 2 =220z
100 6 3 5 - 5 2l
‘? < 4 = g % 9 O 80! §: 100 2
£ 8115 = 4% =3 3 5 mEe
z ~ 3 E % E £ £ 7| |iIgteo 2
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CCDP mixing volume ratio (%)

Fig. 6 a Thermal conductivity of LMTA/CCDP composite TIMs
and its increasing times relative to LMTA at different volume
mixing ratios; b ITC between diamond and LMTA calculated by
DEM model; ¢ Comparison of thermal conductivity between
commercial TIMs and this work; d—g Finite element analysis

CCDP mixing volume ratio (%)

Thermal interface material

calculation results of LMTA/CCDP composite TIMs when the
volume mixing ratio of LMTA: particles are 50:50; d and
e Temperature gradient; f Temperature gradient of CCDPs;
g Heat flux vector plot of CCDPs.
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By substituting all the parameters into the DEM
model, the ITC value between LMTA and CCDPs can
be calculated, as shown in Fig. 6b. The ITC values
remain almost unchanged when the CCDP mixing
volume ratio is increased from 10 to 30%. However,
when the CCDP contents reach 40%, the ITC value
sharply increases. The ITC between LMTA and
CCDPs is mainly determined by the coverage and
wetting of LMTA on CCDPs. When the CCDP con-
tents is 30 and 40%, there is no significant difference
in the coverage and wettability of LMTA on the
diamond surface, so the sharply increase of the ITC is
unreasonable.

In the DEM model, the particles were assumed to
be uniformly dispersed in the matrix. In this geom-
etry, the thermal conductivity of the composite
depends on the particle size of the dispersed phase if
boundary resistance is high. While for high particles
concentrations, Every et al. [38] proposed an
approach along the lines of Bruggeman effective
medium theory, which proceeds from the premise
that the fields of neighboring particles can be taken
into account by adding the dispersed particles
incrementally, taking the surrounding medium to be
the existing composite at each stage. This model is in
good agreement with the experimental results when
the CCDPs are less than 30%, but when the CCDPs
contents reach 40%, the distance between diamond
particles is very close, the DEM model may not be
applicable for this situation.

To clarify the heat transfer mechanism of LMTA/
CCDP composite at high particle concentration, finite
element analysis was introduced, and a LMTA:
CCDPs volume mixing ratio of 50:50 was selected as
the object. According to the temperature gradient
distribution nephogram shown in Fig. 6d and e, the
temperature distribution inside the LMTA/CCDP
composite TIMs is uniform. The isotherms of LMTA/
CCDP composite TIMs tend to distribute along the
CCDP contour because of the extremely high thermal
conductivity of the CCDP. After hiding the LMTA
matrix (Fig. 6f and g), it can be found that the CCDPs
are uniformly distributed inside the LMTA, and the

Table 1 The parameters associated with adhesive ITC

Ap (W/(m-K)) v (W/(m-K)) @ (vol%) a (um)

1578.7 29.1 10-85 20

@ Springer
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temperature decreases uniformly with the direction
of heat flow. The CCDPs form a three-dimensional
network chain structure inside the LMTA matrix,
which is the main channel to undertake the heat flow
(see Fig. S3 in the Supplementary Information).

The distance between CCDPs in LMTA has a sig-
nificant impact on the thermal transfer performance
of the LMTA/CCDP composite TIMs. To more
clearly reflect the influence of the distance between
CCDPs, the pitch-to-diameter ratio is defined as the
ratio of the distance between CCDP surfaces to CCDP
diameter:

=2 (6)

where ¢ is the pitch-to-diameter ratio, d is the dis-
tance between CCDP surfaces, R is the CCDP diam-
eter, as shown in Fig. 7a.

The finite element models for the different pitch-to-
diameter ratios are shown in Fig. 7b, and the FEM
calculated results are shown in Fig. 7c and d. It can be
seen from these curves that & has a very significant
impact on temperature gradient and heat flux
density.

The heat flux between particles decreases with
increasing £ When ¢ < 0.2, the heat flux density
sharply increased, indicating that the three-dimen-
sional network chain structure began to play a major
role (Fig. 7d). The maximum heat flux appears at
¢ =0, indicating that the heat transfer efficiency is
highest when the thermally conductive particles are
in closely contact.

Treat CCDP as a spherical, the £ of LMTA/CCDP
composite TIMs with different CCDP contents were
calculated, as shown in Fig. 7e. When the CCDP
content reaches 40%, ¢ is about 0.22, and when the
CCDP content reaches 50%, ¢ is about 0.13. Consid-
ering that the shape of the CCDP is irregular, the
actual ¢ will be much smaller. According to Fig. 7d,
the heat flux dramatically increases when ¢ < 0.2.
Therefore, when the CCDP content reaches 40%, the
CCDPs were close enough to form a chain-like
structure connected by a thin layer of LMTA, which
greatly enhanced the heat transfer. When the CCDP
content reaches 50%, & continues to decrease, but
pores emerge due to insufficient LMTA filling, so
although the thermal conductivity still increased, the
rate is slower due to the presence of pores. When the
CCDP contents exceeds 60%, the pores increased and
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Fig. 7 a Schematic diagram of pitch-to-diameter ratio;
b Schematic diagram of finite element analysis with different
pitch-to-diameter ratio; ¢ Results of finite element analysis of
temperature gradient (T) and heat flux density (g) with different

connected to form another three-dimensional net-
work chain structure dominated by air, resulting in a
sharp decrease in the thermal conductivity of the
LMTA /CCDP composite TIM.

3.5 Flowability

Flowability is a key parameter for the application of
LMTA-based TIMs. A mini-slump method was used
to characterize the flowability of LMTA /particles
composite TIMs. In this method, the deformation of
LMTA /CCDP composite TIMs is mainly caused by
self-weight stress, as shown in Fig. 7a. Regarding the
LMTA/CCDP composite TIMs as plastic fluid con-
forming to the Bingham model, and using yield stress
and viscosity to characterize the rheological proper-
ties of LMTA /CCDP composite TIMs, there are:

o =00+ (7)

Where ¢ is stress, gy is yield stress, 7 is the viscosity,
and y is the shear rate.

The yield stress oy can be determined based on the
slump S. According to Fig. 8a, the stress at any hor-
izontal position of the original height is:

Pitch-to-diameter ratio

1.2 16 20 0 10 20 30 40 50 60 70 80 90

CCDP mixing volume ratio (%)

pitch-to-diameter ratio; d Relationship between heat flux density at
the center point and pitch-to-diameter ratio in b; e Relationship
between CCDP mixing volume ratio and pitch-to-diameter ratio

psV
=7 (3)
Where p is the density of the LMTA/CCDPs mix-
tures, as shown in Table 1, ¢ = 9.8 m/s” is gravita-
tional acceleration,  is the radius of the cylinder, V is
partial volume above horizontal position, which can
be written as:

V= %nﬁ’ + (z = 1)nr? 9)

Where z is the distance from the horizontal position
to the top. Therefore, the stress at any position z is
expressed as:

5 = pglz —37) (10)

According to the Tresca yield criterion, the maxi-
mum shear stress is numerically equal to one-half of
the stress:

1 1 1
O'Muxzang(Z?’I”) (11)

The LMTA is an incompressible fluid, so the vol-
ume of the integral unit remains unchanged before
and after the slump:
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(b) 1.04
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X 15 sl
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le3 h > 04.
1 - 0.21
i P77 % 4, -
0.0 0.2

Before slump After slump

04 06 08 00 02 04 06 08
Slump

Slump

Fig. 8 a Schematic diagram of mini-slump method; b Relationship between viscosity and slump; ¢ Relationship between yield stress and

slump

nrldz = nridz; (12)

After transforming Formula (12), we can obtain:

dz; = (%) 2dz (13)

Where r, is the radius of the cylinder after the slump.

Assuming there is no flow between the inner layers of
the composites, the shear stress increases within the
range of h, until it equals to the yield stress. This
relationship can be expressed as:

onr’ = oyt = gonr; (14)

So,

(-2

The deformation region h; can be expressed as:

hy = thOdz1 (16)

Substitute Formula (13) and (15) into Formula (16)
and integrate:

H-1
h :ﬂlnu (17)
174 200

The stress at /iy can be expressed as:

1 1
aozipg(ho—gr) (18)

Therefore, hy can be written as:

—200—1—11’ (19)

Wy ==Y
T g '3

As shown in Fig.7a, slump S=H — hy — h.
Therefore, the relationship between slump S and
yield stress gy can be expressed as

@ Springer

S:H—@—lr—k@nLol
g pg(H —37)

pg 3
Where H = 0.015 m, » = 0.0035 m.
The viscosity 1 can be determined according to
Arrhenius type empirical equation [40] and Thomas's
[41] viscosity model.

E
I 21
n' = ngexp (RT) (21)
n=n'[1+25®+10.05d> + Aexp(BD)] (22)

(20)

Where #'is the viscosity of LMTA at 298 K,
E = 3904 J/mol is the fit parameter,
R =8.3144 ]/mol-K is the gas constant, T is the
absolute temperature (K), 7o = 0.4352 mPa-s. For this
expression, coefficients A and B are 0.00273 and 16.6,
respectively.

Through dimensionless treatment of viscosity y,
yield stress gy and slump S, the following equation
can be obtained:

0.02

=3 (23)
0.05
gy = m (24)

It can be seen that viscosity #, yield stress oy, and
slump S are nonlinear negatively correlated, as
shown in Fig. 8b and c.

The slump of LMTA/CCDP composite TIMs as a
function of the CCDP mixing volume ratio is shown
in Fig. 9a. As the CCDP mixing volume ratio
increased from 10 to 60%, the slump sharply
decreases from 12 to 0 mm. When the CCDP mixing
volume ratio exceeds 60%, the composite will not
collapse, indicating that there is no flow without
external force. According to formula (20) and (22), the
functional relationship between stress and shear rate
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is shown in Fig. 9b. There is a linear relationship
between stress and shear rate: intercept represents
yield stress ¢y and slope represents viscosity #. It can
be seen that as the CCDP mixing volume ratio
increases from 10 to 60%, the intercept and slope of
the function gradually increase, which means that the
yield stress and viscosity gradually increase.

With the increase of the CCDP mixing volume
ratio, there are four states of the liquid phase in the
LMTA/CCDP composite TIMs: immersed state,
capillary state, chain state, and swing state, as shown
in Fig. 9c. In the immersed state, CCDPs are com-
pletely immersed in the LMTA. In the capillary state,
the pores between CCDPs are filled with LMTA,
forming a gas-liquid—solid three-phase interface on
the diamond surface. In the chain state, only part of
the pores between CCDPs are filled with LMTA, the
liquid phase in the pores connects with CCDPs to
form a chain-like state. In the swing state, CCDPs are
coated with LMTA, and connected by a biconcave
lens shape liquid bridge. It is precisely because of this
change related to the internal state of the LMTA/
CCDP composite TIMs that its liquidity shows a
trend as shown in Fig. 9a.

The viscosity of the LMTA /CCDP composite TIMs
showed a gradual upward trend with the increase of
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CCDP content, and when the CCDP mixing volume
ratio exceeded 50%, the viscosity increased sharply,
as shown in Fig. 9d. There are two main reasons for
this phenomenon. First, pure liquid metal is regarded
as a non-Newtonian fluid and flows in laminar flow.
With the increase of diamond content, the laminar
flow state of liquid metal is gradually disordered,
increasing the viscosity of the LMTA/CCDP com-
posite TIMs. Secondly, the increase in diamond con-
tent leads to a decrease in liquid metal content, leads
to changes in the internal structure of LMTA/CCDP
composite TIMs. The liquid metal inside the LMTA /
CCDP composite TIM is divided into two parts, one
for coating diamonds, and the other for filling the
pores between diamonds. The reduction in liquid
metal content directly leads to the inability of the
pores between diamonds to be filled, resulting in a
less liquid metal that can flow, causing an increase in
viscosity.

Furthermore, the specific viscosity in Fig. 9d also
reveals that the increase in CCDP content is the main
reason for the increase in viscosity of LMTA /CCDP
composite TIMs. The specific viscosity is defined as:

500 (bj 7=0.133y+314 (c) Immersed state
400{ / 500 30% o
= / 0% 20% 4
£ 40% 0% & ] 000
g 3001 G 10% : Sleocee
@ £ 59 \0\1\-»\2\-»’4 ®9 0@
g 200450 e (B 20pm:
E 6 . L i A
7 100+ K:0.00641'*?{-4? Capillary state
=—=0.0042y1+30.02 s ‘?‘i%«
————— o
; 04 5=0.0029y+12 T MG T L e0eeee
VRIS WA - Cxihg  SOe o
0 10 20 30 40 50 60 70 80 90 v (s h o o0 Y00
65 CCDP mixing volume ratio (%) b t’ -
(d) 2 7 400+ b Omax0g<0 ~_ Chain state
> 100£ Ry ;. *v/k‘ >
5~ 60 = ] : ;. %, 1, :‘: ,}:
2oy 0l y 300 : v g; oy ! cafeee®
215 > = y
> o '
I8 IO g Ak i
g 10 {ccpr ml,\m,_;"wlum; ratio (%) 100. :
2 —e, 1 '
23 . :
0

10

CCDP mixing volume ratio (%)

20 30 40 50 60

Fig. 9 a Slump of LMTA/CCDP composite TIMs in the different
volume mixing; b Rheological characteristic curve of LMTA/
CCDP composite TIMs with CCDP mixing volume ratio from
10-60%; c Four kinds of the static liquid phase in LMTA/CCDP

0 10 20 30 40 50 60 70 80 90
CCDP mixing volume ratio (%)

composite TIMs; d Viscosity and specific viscosity change with
CCDP mixing volume ratio; e Maximum stress and yield stress
with CCDP mixing volume ratio
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n

nr:; (25)
n—-n _n

nsp_ rl, :?_1:?,1’_1 (26)

Where #, and n,, are the relative viscosity and
specific viscosity of the LMTA/CCDP composite
TIMs, respectively. 1, is the relative viscosity of pure
LMTA. The specific viscosity has deducted the effect
of internal friction effect of pure LMTA. When the
CCDP mixing volume ratio is 10%, the 7, is greater
than the 7, indicating that the viscosity of the
LMTA/CCDP composite TIM depends on the inter-
nal friction behavior of pure LMTA. When the CCDP
mixing volume ratio is 20%, the 7, is close to the 1,
indicating that the viscosity of the LMTA/CCDP
composite TIM is influenced by the common effect of
CCDP and LMTA. However, when the CCDP mixing
volume ratio exceeds 30%, the 1, is much larger than
the n,,,, and the internal friction effect of pure LMTA
can be ignored at this time. The viscosity of the
LMTA /CCDP composite TIMs is mainly determined
by the interaction between CCDPs.

The curves of maximum stress o,y yield stress ag
and the differential value of maximum stress and
yield stress opgy — 09 with CCDP mixing volume
ratio are shown in Fig. 9e. The maximum stress op,x
decreases with the increase of the CCDP mixing
volume ratio. Because the density of CCDP is smaller
than that of LMTA, the increase of the CCDP mixing
volume ratio leads to a decrease in the density of
LMTA /CCDP composite TIMs. According to formula
(11), the maximum stress is related to the density and
shows a downward trend. Taking the CCDP mixing
volume ratio of 60% as the threshold, the yield stress
0y is divided into two stages. When the CCDP mixing
volume ratio is less than 60%, the yield stress
increases with the increase of the CCDP mixing vol-
ume ratio, and when the CCDP mixing volume ratio
is more than 60%, the yield stress decreases with the
increase of the CCDP mixing volume ratio. The for-
mula (21) shows that the yield stress is related to the
slump and density. When the CCDP mixing volume
ratio is less than 60%, the yield stress is mainly
affected by the slump. The differential value of
maximum stress and yield stress op — 00 >0,
indicates that the maximum stress is greater than the
yield stress, and the LMTA/CCDP composite TIMs
material slump and deform. When the CCDP mixing

@ Springer
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volume ratio is more than 60%, the slump is no
longer changed, the yield stress is mainly affected by
the density of the LMTA /CCDP composite TIMs. The
differential value of maximum stress and yield stress
omax — 0o < 0, indicates that the yield stress is greater
than the maximum stress, and the LMTA/CCDP
composite TIMs do not deform. Whether or not the
LMTA/CCDP composite TIMs deform depends on
the difference between the maximum stress and the
yield stress. With the increase of the CCDP mixing
volume ratio, the difference between the maximum
stress and the yield stress decreases rapidly, indi-
cating that the deformation resistance of the LMTA/
CCDP composite TIMs increases, thus the slump
gradually decreases until the CCDP mixing volume
ratio exceeds 60%.

The flowability of LMTA /CCDP composite TIMs is
also related to the formation of liquid bridges in
addition to changes in stress and viscosity. After the
CCDP is mixed with LMTA, a layer of the LMTA
coated on the CCDP surface, as shown in Fig. 10a.
During the pressing process, the LMTA on the par-
ticle surface gradually contacts and fuses, forming a
liquid bridge with a biconcave lens shape. Due to the
existence of surface tension and capillary pressure
difference, there is an interaction force between par-
ticles, called capillary force. The simplified model is
shown in Fig. 10b. According to the Young-Laplace
equation, the capillary force pressures difference 4p
is.

Ap=r1 (Ril - Ri2> (27)

Where 7 is the surface tension of LMTA, R; and R, are
the curvature radius of the liquid bridge. According
to the theory of Fisher [42], the capillary force F
between particles can be obtained:

1 1
F =2nRyt + 7R3t (R— — R_> (28)
1 R

At the same time, according to geometry, the fol-
lowing relationship can be derived:

~a(l—cos0) +7%

Ry = (29)

cos 0
Ry =asinf+ Ry(sinf — 1) (30)
Where a is the radius of a spherical particle, D is the

distance between spherical particle surfaces, and 0 is
the liquid angle. In this study, the diameter of CCDPs
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Fig. 10 Effect of the surface distance of particles on liquid bridge
formation. a Microstructure of CCDP is coated by LMTA;
b Liquid bridge with biconcave lens shape two spheroidal
particles; ¢ Variation trend of intergranular capillary force with
the surface distance of particles and liquid angle 0; d Variation

is about 40 pum, the surface tension of LMTA is about
585 m-N/m [40], and the wetting angle between
LMTA and particles is 0. After substituting the above
values into formulas (28), (29), and (30), the function
images of capillary force F and curvature radius R,
concerning the surface distance D of spherical parti-
cles and liquid angle 0 can be obtained, as shown in
Fig. 10c and d. It is clearly that F is more sensitive to
the change in D, while R is more sensitive to the
change in 0.

When R, = 0, the liquid bridge reaches the critical
state of impending fracture. Therefore, according to
the geometric relation, the area of the triangle and
sector can be expressed as:

R, (D
Striangle - 7 (E + ﬂ) (3 1)
Ona
. (90 — 9)7‘CR1
2= g0 (33)

S0, StriangleS1 — S2 is the cross-sectional area of the
liquid bridge S;:

Ry (D Ry  On
S.=" (2+a> - [ ot e (Ri —a) (34)
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olume ratio (%)

10 15 20 25 30 35 40 45
Surface distance (um)

0 5

trend of R, with the surface distance of particles and liquid angle
0; e Diagram of the minimum volume of the liquid bridge;
f Variation trend of the surface distance of particles with CCDP
mixing volume ratio in sphere model close packing

According to formula (34) and Fig. 10e, when
R; = a, the cross-sectional area of the liquid bridge is
the smallest, that is, the volume of the liquid bridge is
the smallest. By calculating, the liquid angle 0 and the
particle surface distance D at this time is 30 degrees
and 29.28 pm, respectively. This indicates that when
the mixing volume ratio of CCDP exceeds 10%, the
liquid bridge gradually formed, as shown in Fig. 10e.
The formation of liquid bridges in the LMTA /CCDP
composite TIM helps to improve the bonding
between CCDPs, thereby increasing the viscosity of
the LMTA/CCDP composite TIMs.

Compared with common LMTA TIMs, the LMTA/
CCDP composite TIM shows significantly higher
thermal conductivity and viscosity, as shown in
Fig. 11a. When the LMTA/CCDP composite TIM
with 50% CCDP contents was applied to a vertically
placed glass sheet, it was found that the TIM was
easy to adhere to the smooth glass surfaces without
peeling, and had good wettability, as shown in
Fig. 11b1 and b2. In addition, the LMTA/CCDP
composite TIM can easily spread on the surface of the
glass sheet after applying slight pressure on the
sample, as shown in Fig. 11b3. Therefore, the LMTA /
CCDP composite TIM can simultaneously meet the
requirements of higher thermal conductivity and low
flowability, becoming an advantageous alternative
for thermal interface materials.
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Fig. 11 a Viscosity of commercial TIMs and this work;
b Flowability of composites at 50% CCDP content: bl and
b2 The composite material was placed on a glass plate and then
the plate was stood up to observe the adhesion of the composite to

Table 2 Density of LMTA/
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5£m

the smooth glass plate; b3 Positive pressure is applied to a
composite material resting on a glass plate to observe the
deformation of the composite material

LMTA: CCDP 100:0

CCDPs composite TIMs with

90:10

80:20 70:30 60:40 50:50 40:60

DP .. 1 M
CcC mixing volume ratio Density (g /cm3) 6.36

6.07 5.79 5.50 5.22 4.93 4.64

4 Conclusions

The effect of CCDP mixing volume ratio on the

thermal conductivity and flowability of LMTA/

CCDP composite TIMs were investigated in this

paper. The following main conclusions were drawn:

1. The thermal conductivity of the LMTA/CCDP
composite TIMs increases first and then decreases
with the increase of CCDP mixing volume ratio,
showing a bell-shaped trend. When the ratio of
LMTA to CCDP is 1:1, the thermal conductivity of
the LMTA /CCDP composite TIM reaches a peak
of 126 £ 6 W/m-K.

2. The distance between CCDPs in LMTA has an
important influence on the thermal transfer per-
formance of the LMTA/CCDP composite TIMs.
When the CCDPs content is less than 30%, the
particles are uniformly dispersed in the matrix,
and the thermal conductivity of TIM conforms to
the DEM model. But when the CCDP content
reaches 40%, the CCDPs formed a chain-like
structure connected by LMTA, greatly enhancing
heat transfer. With the further increase of CCDPs
content, the gradually increasing pores have a
destructive effect on the heat transfer structure,

@ Springer

and the heat transfer performance gradually
deteriorates.

3. The flowability of LMTA /CCDP composite TIMs
shows a decreasing trend with the increase of
diamond content. When the ratio of diamond to
liquid metal is 1:1, the LMTA/CCDP composite
TIM is in a paste state, and the flowability of the
LMTA is effectively controlled.

4. When the CCDP content exceeds 30%, LMTA
liquid bridges were formed between CCDPs. The
capillary force accompanying the formation of the
liquid bridge effectively restricts the motion
behavior between diamonds and has a positive
impact on reducing the overall flowability of
LMTA /CCDP composite TIMs.
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