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Variable thermal interfaces based on discrete liquid droplets

We propose a variable thermal interface based on an array of discrete liquid droplets initially
confined on hydrophilic islands in the substrate. The droplets are reversibly morphologically
transferred to a continuous liquid film when mechanically compressed by the opposite substrate
to create a heat-conducting pathway with low thermal resistance. We study the criterion of
reversible transition in terms of hydrophilic sample size and liquid volume. The dependence of
fluid morphology and rupture distance on the diameter and District share of hydrophilic Islands,
fluid volume, as well as load pressure are also characterized from a theoretical and experimental
point of view. The thermal resistance in the state is characterized experimentally for ionic liquids,
which are promising for practical use due to the insignificant vapor pressure. A service life test
unit has been designed to assess the reliability of the interface under continuous switching
conditions at relatively high switching frequencies.

Keywords: variable thermal interface, reversibility, liquid morphology, thermal resistance,
reliability.

Introduction

Interchangeable thermal interfaces allow controlled modulation of the thermal conductivity between the
devices of interest and their heat sinks/sources. They are key components of Micro Devices and systems that
require reconfigurable heat transfer pathways to control and control low-power heat. Potential applications
[1,2,3,4] include microbolometers with locally adjustable dynamic ranges, pulsed thermoelectric cooling,
solid-state electrocaloric refrigerators requiring a fast thermal cycle of the working environment, pyroelectric
waste heat collection, and satellite heat management.

It is well proven that thermal transfer through solid-solid contacts is often limited to surface dead ends
that reduce specific contact areas. Previous experimental studies have shown that even for rough silicon
surfaces on a nanometer scale (<10-4 m2-K-w), a significant load pressure (Order 1 MPA) is required to
achieve a small thermal contact resistance (<10-4 m2-K-W) [1]. This may be due to trapped gas layers, which
strongly inhibit thermal conductivity. Dense arrays of vertically aligned carbon nanotubes [5] or nanofibers
[6] have received much attention for potential heat transfer applications. A relatively large load pressure,
however, was often necessary to achieve a small thermal resistance, as only a small part of the tubes
communicated with the opposite surface. In addition, the strong adhesion between carbon nanotubes and the
opposite surface [7] during close contacts and the resulting delamination defects render them unsuitable as
alternating thermal interfaces.

The previous study showed an appropriate thermal switch consisting of an array of discrete Mercury
droplets [2]. Since the thermal conductivity of mercury is relatively high, the thermal resistance in each drop
can be very low (~4 x 10-6 M2-K-W). However, Mercury poses a threat to health and the environment. Some
alternative room temperature liquid metals can bypass this problem, but they oxidize quickly in the surrounding
air, making their practical use difficult.

A recent study has repeatedly demonstrated the potential of an alternative liquid-mediated thermal
interface that can provide thermal contact resistance comparable to direct solid-state contacts at a small load
pressure [8]. The main idea was to use the predominance of surface tension over gravity and other volumetric
forces in micromasses to reversibly change the morphology of parallel columns of dielectric fluid bounded on
microchannels. In its out-of-state state, the two interface-defining surfaces are separated from each other by
an air or vacuum gap. The fluid is bounded by an array of discrete microchannels separated from each other
by hydrophobic regions. The two surfaces are then in contact to compress and deform the liquid columns until
a continuous liquid layer is formed. Two pages are pulled apart to disable the interface. The continuous liquid
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layer is then first transformed into an array of liquid bridges covering the gap, which then break off to break
the thermal bond between the two surfaces.

The channel-based liquid thermal interface has the advantages that it can be easily made using standard
microfabrication methods, and each channel can be easily filled with a specific amount of liquid to control the
final distance.

The main disadvantage of this design, however, is associated with its requirement for a long mechanical
stroke. The distance required for the rupture of liquid Bridges is equal to the length of the microchannels, or
usually ~1 mm. This can be a problem in applications that require micro actuators in a limited starting range
or a fast thermal cycle.

This work informs our theoretical and experimental work on an alternative design that replaces
microchannels with arrays of discrete chemical expression hydrophilic islands to reduce or otherwise control
the breaking distance of a liquid bridge. As an illustration, Figure 1 shows the difference in the break distance
between the two constructions. For one fluid volume in question, the interface with circular islands has a break
distance of less than 300 microns [Figure 1(a)], while the interface with parallel microchannels is more than
700 microns [Figure 1(B)].

(a) (b)
Figure 1. comparison of the breaking distances of liquid bridges defined by (a) microcannals and (b) discrete
hydrophilic samples.

Metodology

One of the most important design issues for interchangeable thermal interfaces is their reversibility. That
is, the continuous liquid shell resulting from the deformation and fusion of an array of discrete liquid droplets
must return to the original state of discrete droplets when the two surfaces are separated from each other.

As a model system, we consider a set of circular hydrophilic patches on a non-hydrophobic surface. The

two main design parameters are: (1) sample size, characterized by diameter d, and (2) the territorial portion of
the pattern, defined as the proportion of surface area occupied by hydrophilic Islands F. when d or f is too
small, the continuous liquid film formed in the addition state can become one large liquid drop instead of
several discrete droplet arrays, as shown in Figure 2.
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To establish numerical reversibility criteria, we compare the interface energy of the Es of a single-drop
State and the EM of a discrete multi-drop State. Assuming that the effect of gravity is negligible, we can bring
liquid drops closer as cut balls. The interfacial energy can then be written as:
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Here r is the radius of the wetting zone of a single droplet determined by the total volume (equation(3)),
the apparent contact angle of a discrete droplet in each hydrophilic sample, g is the required minimum gap (i.e.
the target minimum thickness of a continuous liquid layer), and V is the total volume of the liquid.

Figure 3 shows the interfacial energy calculated for two states = 0.2, V= 0.7 uL and g = 20 um. We
consider a situation where the contact angle in the hydrophilic pattern is 61 = 24.4° (experimentally measured
for Silicon after plasma etching of the hydrophobic coating) and 62 in the hydrophobic zone (e.g. Teflon®
coating) is 120°. It is believed that the liquid-vapor surface tension ylv = 73 mn/M is comparable to water.
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Figure 3. interface energy versus sample size of one drop State and multi-drop State
Research results

When the sample size is below about 560 microns, the discrete multi-drop State has a higher energy and
is therefore less energetically favorable than the single-drop State. That is, instead of forming several discrete
droplets, a continuous liquid layer can turn into one large liquid drop when two surfaces are separated from
each other. To achieve reversibility, the sample size must exceed this value.

Figure 4 (A) shows the difference in the interfacial energies of the two states for different values of the
areal part of the expression F. X-segments of about 500 to 700 microns correspond to the minimum sample
size required for a discrete multi-drop state to be energetically acceptable. This minimum sample size decreases
as f increases. In other words, smaller samples can achieve reversibility in higher sample fractions, since
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neighboring hydrophilic samples are located close to each other. When the sample size is very large, the
interfacial energy difference decreases as the pattern density increases. The liquid droplets in these large
specimens tend to merge to form one large drop. As shown in Figure 4 (b), smaller visible angles are needed
to prevent neighboring liquid droplets from merging in higher sample fractions.
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Figure 4.the difference in interface energy (B) with different sample sizes and densities (a) or different
visible angles of discrete droplets.

Conclusion

This work establishes the concept of alternating thermal interfaces based on an array of discrete liquid droplets
initially confined on hydrophilic islands in a hydrophobic substrate. The droplets are reversibly
morphologically transferred to a continuous liquid film when mechanically compressed by the opposite
substrate to create a heat-conducting pathway with low thermal resistance. We study the criterion of reversible
transition in terms of hydrophilic sample size and liquid volume. The dependence of fluid morphology and
rupture distance on the diameter and District share of hydrophilic Islands, fluid volume, as well as load pressure
are also characterized from a theoretical and experimental point of view. The thermal resistance in the state is
characterized experimentally for ionic liquids, which are promising for practical use due to the insignificant
vapor pressure. In order to assess the reliability of the interface in the case of continuous switching at relatively
high switching frequencies, a service life test unit is designed.
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KA. XKynycos
JucKkpeTTi cYyiBIKTBIK TAMIIBLIAPBIHA HeTi3/IeJITeH AaHBIMAJIbI KbLIIY HHTeppericTepi

bi3 Gacrankeima cyOcTpaTTarsl THAPOGWIBII apajfapMeH MIEKTeNTeH TUCKPETTI CYHUBIKTHIK
TaMIIIBUIAPBIHBIH MAaCCHBIHE HET13/IENITeH aifHBIMAITBI XKbUTY HHTep(dericiH yepiHaMbI3. TaMimsiiap
KalTBIMJIbI MOP(OJIOTHSUIBIK KOJIMEH KapaMa-Kapchl CyOCTPATIICH MEXaHUKAIBIK ChIFbIMIIAJIFaH
Ke3/e Y3HIKCi3 CYWBIK KaOBIKIIara aybICalbl, )KBUTY OTKI3TIIITITT TOMEH KBUTY OTKI3Tilll KO
Kacaiael. bi3 rmapodbmi YATIHIH Memepi MEH CYMBIKTHIK KeJieMi OOMBIHIIA KaWTHIMIBI
aybICy KpurepwiiiH 3epTreiimMi3. CYHUBIKTBIK MOPQOJIOTHSICHI MEH JKapbLTy KallIbIKTHIFBIHBIH
ruapodunbai ApanmapablH AuaMeTpi MeH AynaH yleciHe, CYWBIKTBHIK KeJleMiHe, COHJai-aK
KYKTEME KbICBIMBIHA TOYEILIITI TEOPHUSIIBIK JKOHE SKCIICPUMEHTTIK TYPFBIIAH JIa CUTIATTANIA/IbI.
Kytigeri skputy kemeprici OyabIH IIamMalibl KbICBIMBIHA OaiJIaHBICTBI MPAKTUKAJIBIK KOJJIaHyFa
MEPCIICKTHBAIBl HOHBIK CYHBIKTBIKTAP YIIH SKCIEPUMEHTAIIbl TYPAE CHUIATTaJIaIbl.
CanpICTBRIpMAIIBI  TYpHIE KOFaphbl KOMMYTAIFSUTBIK —OKHUTIKTEpHAE Y3HIKCi3 KOMMYyTalus
KaraaiiiHaa nHTEpdecTiH CeHIMIUIITiH Oaranay YIIiH KeI3MET €Ty MEp3iMiH TeKcepy OJIOTHI
KacairaH.

Tyitiaai cesnmep: aypIicHallbl XKbUTY WHTEPQEiCi, KaUTHIMIBUIBIK, CYWBIKTHIK MOP(]OIOTHACHI,
KBUTY KeJleprici, CeHIMALTIK.

KA. Kynycos
H3mensiemble TemioBble HHTEepPdeiichl HA 0CHOBE TMCKPETHBIX KaneJb ;KHIKOCTH

Msr npequiaraeM u3MEHsIeMBIH TepMOUHTEpQEiic, OCHOBaHHBIN Ha HAO0Ope OTHENBHBIX Karelh
JKUJIKOCTH, M3HAYAJIbHO YIACPIKHUBACMBIX Ha FI/IZ[pO(I)I/IHLHI)IX OCTPOBKAax B IIOJIOXKKE. Kamm
00paTUMBIM 00pa3oM MpeoOpas3yrTCs B CIUIOMIHYIO TJICHKY JXKHAKOCTUA TPH MEXaHHYECKOM
C)KaTHUHM HPOTUBOIIOJIOKHOM MOJUIOKKON AJIS CO3MaHMs TEIIONPOBOASIIETO KaHaja ¢ HU3KUM
TEIJIOBBIM CONPOTUBJIEHHEM. MBI M3y4aeM KpUTEpHH 0OpaTUMOro Imepexona ¢ TOYKU 3PEHHS
pa3mepa ruapoduinsHOro odpasma u 00beMa KUAKOCTH. 3aBUCUMOCTb MOP(OJIOTHH KUIKOCTH U
paccTosiHUSl pa3pbiBa OT JAMAaMeTpa W 0N YYacTKOB THAPO(MUIBHBIX OCTPOBKOB, 00BEMa
XKHUIKOCTH, a TaKKE MaBIICHUS HArpy3KH TaKKe OXapaKTEepPHU30BaHbl C TEOPETUUECKOW H
IKCIIEPUMEHTAIbHOM TO4YeK 3peHus. TepMHUYecKkoe CONPOTHBIEHHE B 3TOM COCTOSHHUH
OKCIICPUMCHTAJIBHO OXapaKTCPHU30BaHO AJII MOHHBIX )KI/I)Z[KOCTCI\/'I, KOTOPBIC NEPCIICKTUBHBI JJId
MPAaKTUYECKOTO HCIIOJIb30BAHUS M3-32 HE3HAYMTEJIHOTO JaBjieHus mnapoB. s oOLeHKH
Ha/IeKHOCTH HUHTepdelrica B YCIOBUSIX HENPEPHIBHOTO MEPEKIIIOYEHUS! MPU OTHOCUTEIBHO
BBICOKHX 4acTOTaX NepeKIroueHus Obuia pa3paboTaHa yCTaHOBKA IS IPOBEPKH CPOKA CITYKOBI.

KiroueBbie croBa: u3MeHseMbIN TEIUIOBON MHTEpdeEiic, 00paTUMOCTh, MOPGOIOTHs KUAKOCTH,
TEPMOCTOWKOCTh, HaZIe)KHOCTb.
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