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ABSTRACT    

Soft polymer composites with improved thermal conductivity are needed for 

the thermal management of electronics. Interfacial thermal boundary resistance, 

however, prevents the efficient use of many high thermal conductivity fill materials. 

Magnetic alignment of ferrous fill material enforces percolation of the high thermal 

conductivity fill, thereby shifting the governing boundary resistance to the particle-

particle interfaces and increasing the directional thermal conductivity of the polymer 

composite. Magnetic alignment maximizes the thermal conductivity while minimizing 

composite stiffening at a fill fraction of half the maximum packing factor. The 

directional thermal conductivity of the composite is improved by more than 2-fold. 

Particle-particle contact engineering is then introduced to decrease the particle-

particle boundary resistance and further improve the thermal conductivity of the 

composite. 

The interface between rigid fill particles is a point contact with very little 

interfacial area connecting them. Silver and gallium-based liquid metal (LM) coatings 

provide soft interfaces that, under pressure, increase the interfacial area between 

particles and decrease the particle-particle boundary resistance. These engineered 

contacts are investigated both in and out of the polymer matrix and with and without 

magnetic alignment of the fill. Magnetically aligned in the polymer matrix, 350nm-

thick silver coatings on nickel particles produce a 1.8-fold increase in composite 

thermal conductivity over the aligned bare-nickel composites. The LM coatings 

provide similar enhancements, but require higher volumes of LM to do so. This is due 

to the rapid formation of gallium oxide, which introduces additional thermal 

boundaries and decreases the benefit of the LM coatings. 

 The oxide shell of LM droplets (LMDs) can be ruptured using pressure. The 

pressure needed to rupture LMDs matches closely to thin-walled pressure vessel 
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theory. Furthermore, the addition of tungsten particles stabilizes the mixture for use 

at higher pressures. Finally, thiols and hydrochloric acid weaken the oxide shell and 

boost the thermal performance of the beds of LMDs by 50% at pressures much lower 

than 1 megapascal (MPa) to make them more suitable for use in TIMs. 
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CHAPTER 1 

INTRODUCTION 

 

1.1    Introduction 

This chapter will, first, present a short overview of the two main concepts that 

are critical in understanding the scope of this work, namely, the application and the 

underlying physics. The main target application for this work is thermal interface 

materials and the thermal management of electronics. The underlying physics on 

which this work is predicated is that of the existence of an interfacial thermal 

boundary resistance at all microscopic interfaces in a composite material. The second 

half of this chapter will introduce the main hypothesis of this work and a summary of 

the organization for the rest of the document. 

 

1.2    Thermal Interface Materials Overview  

Thermal management of electronics is essential as the semiconductor 

industry tries to  advance as fast as Moore’s Law predicts, doubling transistor density 

every two years.1 The increase in packing density of transistors on a single 

microelectronic chip was facilitated by ever decreasing the size of metal-oxide-

semiconductor field-effect transistors (MOSFET).2 Decreases in transistor size and 

increases in speed, or frequency, have been at the forefront of semiconductor 

technology research. However, transistor speed has stalled over the last few years 

due to the physical limitations on heat dissipation.3 “[…] It has become practically 

impossible to keep on conjunctly increasing both [transistor count and frequency] 

due to physical limitations on power dissipation; one of the two features (i.e. either 

number of transistors or frequency) had to level off in order to make the ICs 
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[integrated circuits] capable to operate under practical thermal conditions.  

Frequency was selected as the sacrificial victim and it has stalled in the few GHz 

since the middle of the previous decade.”3 Integrated circuits (ICs) now have 

features down to 14 nanometers,2–4 paving the way for extremely high packing 

densities and leaving very little surface area available to dissipate accumulated heat. 

Thus, it is critical to efficiently remove heat from the IC through the use of thermal 

interface materials. 

Thermal interface materials (TIMs) help dissipate heat away from ICs by 

minimizing the thermal contact resistance between electronic packaging 

components.  Thermal contact resistances are caused by air gaps between the two 

geometrically imperfect surfaces, as illustrated by Figure 1.1a.  A TIM eliminates air 

gaps between components by replacing those gaps with a higher thermal 

conductivity material. In traditional electronics packaging, TIMs are used on either 

side of an integrated heat spreader (IHS), as shown in Figure 1.1b.  The main job of 

the IHS is to spread out the heat generated by the CPU so it doesn’t create hot 

spots.5 Reducing the thermal resistance between components enables more heat to 

be removed from the CPU.  

TIMs are typically greases or gels that can conform and fill the imperfections 

on the interfacing surfaces.  Polymer composite TIMs have been at the forefront of 

advanced TIM research over the past decade,6–8 ever since the 2005 ITRS 

highlighted the need for TIMs with improved adhesion, higher elastic modulus, and 

increased thermal conductivity.9 High k fill particles are added to the polymer matrix  

to boost its thermal conductivitiy. The thermal conductivity of most polymers is low  

(0.1-0.6 Wm-1K-1).10 Silicon based soft polymers have a thermal conductivity of 

about 0.2-0.3 Wm-1K-1,11 which is 10 times higher than air, but 50 times lower than 

stainless steel, 1000 times lower than copper and aluminum, and 10,000 times lower 



  3 

 

Figure 1.1: (A) illustration demonstrating how air gaps prevent good thermal conduction 

across mechanical interfaces; (B) a diagram illustrating where thermal interface materials might 

be used in integrated circuits (IHS  = integrated heat spreader); and diagrams detailing the 

amount of thermal resistance contributed by individual components using values suggested by 

Bogatin12 when no TIMs are used (C), a standard commercial TIM grease is used (D), and when 

a standard commercial TIM pad is used (E).  

than diamond. However, the low elastic modulus of polymers make them ideal for 

use as TIMs because they can easily conform to the micro-roughness of the mating 

interfaces to eliminate air pockets but will not be squished out under thermal cycling.  

Figure 1.1c – 1.1e provide diagrams detailing thermal resistances of 

individual components as compared to Rcontact (no TIMs), a generic commercial TIM 

grease with k = 2 Wm-1K-1 and BLT = 50µm, and a generic commercial TIM pad with 

k = 10 Wm-1K-1 and BLT = 500µm, respectively. These diagrams assume component 

thermal resistances of: heat sink = 0.4 K/W, chip = 0.05 K/W, and integrated heat 

spreader = 0.16 K/W.12 
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In 2003, Gwinn and Webb listed the characteristics of an ideal TIM and stated 

that the “ideal TIM has not yet been discovered.”13 The characteristics they listed 

are: 

1. High thermal conductivity, k 

2. Easily deformed by small contact pressure to contact all uneven areas 

of both mating surfaces, including surface pores, eliminating the 

thermal contact resistance 

3. Will not leak out of the interface 

4. Non-toxic 

5. Minimal thickness 

6. Will maintain performance indefinitely 

7. Manufacturing friendly (easy to apply and remove)  

Most of the leading commercial TIMs can be categorized as either a thermal 

grease or a thermal pad. Both are packed with high k fill material to boost the overall 

k of the composite. Thermal greases generally have very little matrix material 

around the high k fill. Greases also typically use non-crosslinked polymers or gels as 

the matrix, providing good mechanical compliance and a flexible application 

thickness, but making them susceptible to leakage (often referred to as “pump-out”). 

Furthermore, while some commercial thermal greases profess to have a high intrinsic 

thermal conductivity, their effective thermal conductivity (see Section 2.2 for more 

details) in application is generally much lower.14,15 

Pump-out is caused by thermally induced cycling stresses at IC component 

interfaces that press the thermal grease out of the interface when the IC gets hot 

from normal operation. When the IC cools down, the grease does not return to its 

original position.  Instead, it keeps moving further out of its intended interface until 

it has been completely pumped-out of the interface. This is one cause for the short 
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life of modern electronics. Degraded TIM performance leads to degraded IC 

performance and shortened life. 

The main thermal stresses that cause pump-out stem from a mismatch in 

coefficients of thermal expansion between IC components (i.e. the silicon chip and a 

copper or aluminum heat spreader). This mismatch causes disproportional distortions 

at the interface, which compress and pump the thermal grease out from between the 

components. Figure 1.2 shows that, with very little pressure, a commercial liquid 

metal thermal grease is easily dislogded from its intended interface. 

Thermal pads, in general, have an interconnected and cross-linked matrix 

thus there is no pump-out.  But to have an interconnected matrix means a limit to 

how much filler can be added as well as to how thin the TIM can be – both of which 

increase the minimum thermal resistance of the TIM. Figure 1.3 shows the thermal 

performance of several leading commercial TIMs, both greases and pads, along with 

a polished Cu-Cu interface for reference. The figure presents the thermal resistance 

(Rth) of the TIMs between two polished copper bars, indicative of normal TIM 

performance in a standard application. Figure 1.3b presents Rth against the bond line 

thickness (BLT), which is the thickness of the TIM in the interface under normal 

operating conditions.16 All the TIMs presented in this figure proved effective at 

 

 

Figure 1.2:  LM thermal grease (Thermal Grizzly Conductonaut) (A) as applied and (B) 

with a 50g component (5.4 kPa) placed on top of the interface and the subsequent loss of the 

thermal grease in the interface. 
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decreasing the thermal resistance at the Cu-Cu interface, but it is obvious that 

greases generally have superior initial thermal performance over pads, mainly 

because they can be applied in very thin layers and have excellent mechanical 

compliance. However, because of the issues with greases explained earlier, a pad 

has the potential to fulfill the majority of the desired characteristics in an ideal TIM 

and perform better in the long run, if only the effective thermal conductivity can be 

increased. 

 

 

Figure 1.3: (A) Plot of thermal resistance, Rth, vs pressure, P, and (B) Rth vs bond line 

thickness (BLT) for commercial TIMs, both measured and literature values.  The Cu-Cu interface 

is included for reference and is a mirror finish with BLT 3-4 µm. Literature values are from Roy 

et al. 2015.15 Inset in (B) is showing log scale on the y axis and is a magnification from the 

lower left corner of (B), same units. WFT120 is WakeField Type 120 thermal compound, XR-M is 

Fujipoly Ultra Extreme XR-m thermal pad, ATP is Arctic Thermal Pad, and Conductonaut is 

Thermal Grizzly Conductonaut Thermal Grease Paste. Estimated 68% uncertainty for BLT is 

10µm, for pressure is 0.05 MPa, and for Rth is 4%. 

(A) (B) 
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There are, however, diminishing returns on the total package resistance from 

increasing the effective thermal conductivity of the TIM, kTIM,eff. Figure 1.4 details the 

effect on total package thermal resistance from increasing the effective thermal 

conductivity of the TIMs, using the following values for component resistances: heat 

sink = 0.4 K/W, chip = 0.05 K/W, integrated heat spreader = 0.16 K/W, and various 

resistances for different TIM BLTs.12 This assumes the schematic shown in Figure 

1.1b and uses a basic thermal resistance network to estimate total package 

resistance. It assumes that the heat goes from chip to ambient through the heat 

sink. As shown in the figure, increasing kTIM,eff is important with thicker BLTs, but for 

thinner BLTs the total package resistance is less dependent on kTIM,eff, especially 

when kTIM,eff is above 5 or 10 W/mK. Thus, increasing kTIM,eff for pads from 10 W/mK 

to 20 W/mK can still provide thermal benefits on the order of a 30-40% decrease in 

package resistance. 

 

Figure 1.4. Plot of total package resistance (from chip to ambient through the heat sink) 

with various BLT over a range of effective TIM thermal conductivities. 



  8 

1.3    Interfacial Thermal Boundary Resistance 

Many filler materials have been investigated as additives for polymer 

composite TIMs, but the cheapest and easiest solution to enhance the thermal 

conductivity has been to simply add high thermal conductivity metal or ceramic 

particles into the polymer matrix.  Basic effective medium theory predicts that the 

larger the thermal conductivity of the metal filler, the greater the increase in the 

thermal conductivity of the composite.  Interfacial thermal boundary resistance, Rb, 

however, between the particles themselves and between the particles and 

surrounding polymer matrix, plays a critical role in limiting thermal performance in 

the composite.17  

Where contact resistance, Rc, is the thermal resistance at macroscopic 

interfaces between components (i.e. between the TIM and IHS or heat sink), 

boundary resistance, Rb, is the thermal resistance at microscopic interfaces within 

the composite, as illustrated in Figure 1.5. Boundary resistances are present at all 

interfaces where material properties change within the composite. The change in 

properties at these interfaces produce phonon scattering events leading to thermal 

resistance. Boundary resistances are present between particles and the matrix, 

between particles themselves, and even between particles and any particle coatings.  

 

Figure 1.5: Illustration showing the difference between contact resistance (Rc) and 

interfacial thermal boundary resistance (Rb). 
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Figure 1.6 presents data on the thermal conductivity of a composite, kc, using 

the Tavangar model18 (see Section 2.6 for details) for various ratios of particle 

thermal conductivity, kp, to matrix thermal conductivity, km, with various values for 

Rb. The figure shows that using particles with a thermal conductivity more than 100x 

that of the matrix produces diminishing returns. In particular, assuming a boundary 

resistance (Rb) on the order of 10-6 m2KW-1 and 10µm diameter particles, 95% of the 

maximum kc is reached with kp/km of 100. So with a polymer matrix with km = 0.25 

Wm-1K-1, a particle fill material with kp = 25 Wm-1K-1 is enough to reach 95% of the 

maximum kc. Particles with higher k produce diminishing returns. Thus, it is only 

worthwhile to use kp/km of more than 100x if Rb can be reduced enough to take 

advantage of the high kp. Specifically, using kp = 400 Wm-1K-1  for copper, if Rb is 

decreased from 2×10-6 m2KW-1 to 1×10-7 m2KW-1 then kc can be increased by more 

than 100%. 

 

Figure 1.6: Results using the Tavangar model (details of the model can be found in 

section 2.6) showing the relation between the kp, kc, and Rb when km = 0.25 Wm-1K-1, ϕ = 

0.5, and the radius of the particle fill, a, is 5µm. 
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1.4    Hypothesis 

The interfacial boundary resistance in a particle-laden soft polymer composite 

can be reduced by increasing the interfacial area between particles and by enforcing 

particle percolation through the composite. This work will target both of these 

approaches in the synergistic use of magnetic alignment of fill particles and particle-

particle contact engineering. Magnetic alignment of the fill particles enforces 

percolation across the composite and ensuring good particle-particle contact. The 

dissipating heat, essentially, thermally short circuits through the connected high k 

particle network and bypasses the lower k polymer matrix. The resistance at the 

particle-particle interfaces are then decreased through particle-particle contact 

engineering using liquid metal- and silver-coated fill particles. These coatings 

decrease the resistance at the particle-particle interfaces by deforming under 

minimal pressure and increasing the interfacial area between particles. The 

combination of these two approaches may enhance the thermal conductivity of the 

composite. 

 

1.5    Summary and Outline 

Chapter 1 demonstrated the need for high k polymer composites in the 

thermal management of ICs. Boundary resistance, however, prevents the effective 

use of high k particle fill. This work will target and decrease boundary resistance 

through a synergistic coupling of magnetic alignment and particle-particle contact 

engineering. 

Chapter 2 presents supplemental background information related to TIMs and 

introduces several theoretical approaches for modeling the thermal conductivity of 

particle-laden polymer composites. This chapter also provides details for the thermal 
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measurement techniques that are common throughout this work and the ASTM 

standard on which the technique is based. The sections in this chapter are meant as 

supplemental information for the subsequent chapters.  

Chapter 3 will demonstrate the merits of magnetic alignment in enhancing the 

directional thermal conductivity of polymer composites. Specifically, the theory, 

fabrication, and performance of magnetically aligned nickel fibers in a silicone-based 

polymer will be discussed in-depth. Furthermore, we will investigate the performance 

of such aligned fiber composites under various amounts of compressive strain, 

highlighting some of the pitfalls in using these aligned composites in applications 

where they operate under severe strain. 

Chapter 4 presents two methods of particle-particle contact engineering that 

lower the resistance between particles: soft silver coatings and liquid metal (gallium) 

coatings. These coatings are evaluated on nickel particles with and without magnetic 

alignment to highlight the drastic enhancement these coatings can make when 

particle-particle contact is increased through magnetic alignment. Both coatings 

provide enhanced thermal performance, but the oxide skin on the liquid metal 

coatings is highlighted as an area for improvement. 

Chapter 5 evaluates further the thermal impact of the gallium oxide skin. 

Gallium droplets are fabricated into liquid metal droplet beds and compressed while 

measuring the thermal and electrical resistance. Various sizes of droplets are 

investigated to determine what is required to rupture the oxide and the thermal 

ramifications of doing so. Solid metal particles are added to the liquid metal droplets 

as well as some exploratory chemical modifications to further affect the oxide 

rupture and thermal properties of the beds. 

Chapter 6 provides overall conclusions and the direction of future work. 
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CHAPTER 2 

BACKGROUND, THEORY, AND MEASUREMENT 

 

2.1    Introduction 

This chapter presents topics that may be useful to better understand the 

subsequent chapters, including: background topics related to TIMs, theoretical 

models that can and are used to support the conclusions derived from experiments, 

and details on the methods of measurement used in this work. The sections in this 

chapter are not meant to be a cohesive work, but instead should be used as a 

supplement and reference, as needed. 

 

2.2    Contact Resistance and Effective Thermal Conductivity 

It’s not enough for a TIM to have a high intrinsic thermal conductivity, it must 

also have a high effective thermal conductivity – which accounts for contact 

resistance, Rc. The intrinsic thermal conductivity of the TIM (k or kTIM) relates to the 

thermal conductivity of the bulk TIM material. The effective thermal conductivity (keff) 

relates to the measured thermal conductivity when used between two mating 

surfaces – indicative of TIM applications. The kTIM only relies on the resistance of the 

TIM material (RTIM) and the thickness of the pad (t). The keff, on the other hand, 

includes RTIM and the contact resistance between the pad and mating surfaces (Rc).  

The difference between k and keff is illustrated in Figure 2.1. If Rc stays constant as 

RTIM is reduced, then Rc plays a larger role in the value of keff. Figure 2.1a shows RTIM 

reducing due to the thickness decreasing, but this effect could also come from an 

increase in kTIM, as shown in Figure 2.1b. At a thickness typical in common thermal  
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Figure 2.1: (A) An illustration showing how Rc stays the same as RTIM decreases, 

effecting keff more as RTIM gets smaller and (B) a plot showing the effect Rc has on keff as 

ktim and Rc increase (kmatrix is 0.25 Wm-1K-1). 

 

grease applications, Rc can account for more than 80% of Rth, lowering keff to less 

than 15% of the manufacturers stated kTIM.14 

The elastic modulus (E) of the TIM affects the magnitude of Rc. Two Kapton 

films, with kTIM = 0.1219 and 0.3720 Wm-1K-1 and thickness, t = 25 and 50µm, 

measure a keff = 0.7 and 0.17 Wm-1K-1, respectively. The difference between keff and 

kTIM is more than 200%, indicating that Rc makes up half of Rth when E is large and t 

is small. The modulus must be low enough to allow for the material to press into and 

fill the grooves and irregularities on the mating surfaces and displace the air. Figure 

2.2 shows the thermal resistance Rth of the two previously mentioned Kapton films 

along with the polished Cu-Cu interface and EcoFlex 00-20. EcoFlex is a soft, silicone 

polymer with kTIM around 0.25 Wm-1K-1, 100x the thermal conductivity of air, but 

much lower than most commercial TIMs.  Yet, at low pressures and 5x the BLT of the 

Cu-Cu interface, the Ecoflex provides a 2x decrease in thermal resistance over the  
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Figure 2.2:  A plot of Rth vs P for a few common materials, showing that soft materials 

can lower Rc significantly, thus lowering Rth. (RA stands for roughness average) 

 

empty interface. This demonstrates the importance of using a material that is soft 

enough to fill the air gaps in the interface, which drastically reduces Rc. 

 

2.3    TIM Thickness to Match Component Roughness 

There are two things to consider when determining the thickness of a TIM: 

(1) surface roughness of the mating surfaces and (2) the coefficient of thermal 

expansion mismatch between IC components. To provide pertinent real data, the 

roughness of three commercial heat sinks was measured using optical profilometry in 

order to determine the size of the air gaps a TIM needs to fill. One heat sink was 

forged copper with a mirror finish, one was aluminum with a machined finish, and 

one was aluminum with a machined finish with copper heat pipes imbedded on the 

surface. The details on the heat sinks and the roughness of each is presented in 

Table 2.1. Further details on the heat sinks and their surface roughness profiles can 

be found in Appendix A. 
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Table 2.1: Heat sink details and roughness values from optical profilometry. 

Make/Model 
Max Peak 

Height (µm) 

Average Surface 

Roughness (µm) 

Cooler Master Hyper 212 EVO 36 3.2 

Cryorig H7 12 2.5 

Enzotech CNB-SI Forged copper 1100 0.5 0.06 

 

Based on the measured heat sink roughness values, the maximum gap that a 

TIM would need to fill is somewhere around 60µm. This assumes that the tallest 

peak aligns perfectly with a similarly tall peak on the mating surface. While it is rare 

that the two mating components would both have such rough mating surfaces and 

that the tallest peaks would be aligned, this gives an absolute maximum value for 

the gap between components based on surface roughness. This maximum thickness 

is also large enough to account for warpage of planar surfaces. 

Between polished surfaces, thermal grease will have a BLT of 15-50µm, but 

the lower value is impractical for a thermal pad unless it is cast in place.  More 

realistic targets for a pad that provides good support for thermal stresses is 50-

100µm, which is thick enough to be handled during application, and is still thin 

enough to minimize thermal resistance. That being said, the thicknesses of the 

materials measured in this work are generally between 1 and 1.5 mm in order to 

help minimize the effects of contact resistance on the measured thermal 

conductivities. 
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2.4    Liquid Metal in a Polymer Matrix 

Some of the best performing commercial TIMs consist of thin metal foils with 

moderately low melting temperatures (Tmelt) such as indium (Tmelt=157°C, k≈80 Wm-

1K-1) or alloys such as SnBi (Tmelt=138°C, k≈20 Wm-1K-1).21,22 However, these 

relatively low melting temperature materials have low mechanical compliance, 

leading to thermal fatigue in the IC due to the large mismatch in coefficients of 

thermal expansion between the IC components.23,24 Gallium-based LMs are liquid 

near room temperature, which helps to alleviate the problems with thermal stresses. 

Some studies have investigated increasing the wettability and thermal 

performance of the liquid metals with additives, chemical modification, and creating 

various alloys to improve its properties for use as a wet TIM.15,25–28  Others have 

looked at making thermal pastes and circuits out of LM nano-dropets which can be 

ruptured and sintered into electrically conducting circuits.29–31  

One major concern with gallium based LMs being used in TIMs for ICs is the 

rapid gallium induced degradation of many metals used in IC packaging.32–34 This 

concern is particularly severe with aluminum (one of the most common heat sink 

materials), which becomes extremely brittle when exposed to gallium.33 To prevent 

corrosion, the mating materials can be modified through surface treatments (e.g. 

anodizing or introducing a tungsten barrier layer35), but alternatively, gallium can be 

encapsulated and immobilized in a polymer matrix.  

The use of liquid metals (LM) in soft polymer composites has recently been 

explored with focus on its electrical properties to be used as stretchable and 

wearable electronics31,36–41 with some attention to the thermal benefits of LM-

polymer composites.36,42  Electrical properties are somewhat tunable and may rely on 

the size of the liquid metal inclusions.  Composites are reported to be electrically 

conducting with LM inclusion diameters between 4-20µm43 and electrically insulating 
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with diameters between 50nm-3µm.36  While the size of LM inclusions is also 

expected to affect the elastic modulus of the composite, the thermal conductivity is 

affected very little – ranging from 1.4 Wm-1K-1 at sub 3µm diameter inclusions36 to 

1.5 Wm-1K-1 at 4-20µm inclusions.42  The primary contributors that affect the thermal 

conductivity of the composites are the aspect ratio and volume fraction of the 

inclusions.42 Using LM as filler in a polydimethylsiloxane (PDMS) matrix, Bartlett et 

al.42 demonstrated that a high directional thermal conductivity of up to 10 Wm-1K-1 

can be achieved by strain-induced spherical-to-cylindrical deformation of the 

microscale LM inclusions. Unfortunately, surface leakage of LM is a problem when 

composites with large LM inclusions42,44,45 are cut or compressed (as with typical TIM 

applications). These types of mechanical forces drive the LM out of the polymer 

matrix and hence Ga-induced corrosion of adjacent materials is still a concern. 

Very little research has been done using LM as a means to decrease the 

thermal resistance between solid metal fill. This works aims to fill that gap. 

 

2.5    Polydimethylsiloxane as a Matrix 

Polydimethylsiloxane (PDMS) is a common elastic polymer used in a variety of 

applications, from medical equipment to thermal interface materials. It is a cross-

linked, silicone-based polymer and is commercially available from a number of 

manufacturers. Several models are available from each manufacturer so the 

properties can vary greatly, but this makes it easier to acquire a matrix material with 

the right characteristics. Furthermore, a lot of work has been done to evaluate the 

effects on modifying the mixing process in the fabrication of PDMS.  

Sylgard 184, a PDMS from Dow Corning, has been reported to have the 

following physical properties: shear modulus between 100 kPa and 2 MPa, low glass 

transition temperature (-130°C),46 and low change in shear elastic modulus versus 
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temperature (1.1 kPa/°C).47 Liu et al. report a decrease in Young’s modulus with 

increase in curing temperature and an increase in curing time, from 900 kPa at 

100°C for 0.5 hours down to 400 kPa at 300°C for 3 hours.48 Schnieder et al. and 

Dow Corning put the elastic modulus of Sylgard 184 at 1.8 MPa.49,50 Sylgard 184 is 

reported to have a thermal conductivity of 0.27 by the manufacturer.51 Most PDMS 

has a Mullins effect, which results in a change or relaxation of the modulus between 

the first and second loadings.45,52 

Jeong et al. developed a simple process that tunes the properties of PDMS to 

make it more soft, stretchable, and sticky, making it ideal for epidermal 

electronics.53  Wang et al. investigated the crosslinking effect of PDMS on the elastic 

modulus, from 5:1 all the way down to 33:1 cross linker ratio.54 

The majority of the composites in this thesis use Smooth-on’s EcoFlex 00-20, 

which is much more elastic and soft than Sylgard 184 and has k = 0.3±0.02 Wm-1K-1. 

 

2.6    Theoretical Models for Composite Thermal Conductivity 

Effective medium approximations (EMAs) for particulate laden composites can 

be generally categorized under:  

1. Maxwell based model 

2. Self-consistent (SC) model 

3. Differential effective medium (DEM) model 

Maxwell55 based models lump dilute particulate (𝜙 < 0.25) into a single particle 

inside of a matrix of infinite extent.  Therefore, the particles have no interaction 

between themselves.  Rayleigh56 based models take the particles or inclusions to be 

periodic, but still assume dilute concentrations.  Some Rayleigh-based models take 

into account effects from particles in near contact.  Hasselmann and Johnson57 built 
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thermal boundary resistance into the Maxwell model and Nan et al.58 adapted it for 

non-spherical particles.  But all these still assume dilute concentrations (𝜙 < 0.4). 

SC models appear to start with Bruggeman59 and are expanded upon by 

Landauer.60  They are “based on the approximation that the medium outside a 

particular type of inclusion can be considered homogeneous, the effective 

conductivity of which needs to be determined.  SC approximations do not account for 

spatial distribution of the inclusions and are of questionable validity when applied to 

systems that do not possess phase-inversion symmetry.”61 

DEM models also appear to start with Bruggeman and are an asymmetric 

approximation scheme.  They assume that the particles are added progressively to 

the matrix whose effective conductivity is known at any given stage.  The 

Bruggeman asymmetric model (BAM) takes into account thermal boundary 

resistances and, “among classical EMT’s, the Bruggeman scheme is considered the 

most accurate for high filler volume fractions.”17 

Tavangar18 came up with a similar expression to the BAM, but went on to 

define the effective phase contrast, 𝛾, as: 

𝛾 =
𝑘𝑐

(1 +
𝑘𝑝𝑅𝑏

𝑎 ) 𝑘𝑚

 

where a is the particle radius, kp is the particle thermal conductivity, Rb is the 

interface resistance between particle and matrix, kc is the thermal conductivity of the 

composite, and km is the thermal conductivity of the matrix.  His equation is valid for 

the full range of 𝛾 (2 to 8), whereas the Hasselmann-Johnson model fails above 4 (as 

do most of the Maxwell based models).17 

The Nielson model62 is an empirical model popular in literature even though it 

doesn’t include ITR. It was formulated for moderate filler fractions (𝜙 < 0.4) and 

becomes unstable at higher fill fractions.63 
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Bartlett et al.42 use a modified Bruggeman equation to model LM inclusions 

that starts with a SC EMT that takes into account the shape of the ellipsoidal 

particles, L, where L is 1/3 for spherical particles: 

𝑘𝑐 − 𝑘𝑚

𝐿𝑘𝑐 + (1 − 𝐿)𝑘𝑚
= 𝜙 

𝑘𝑝 − 𝑘𝑚

𝐿𝑘𝑚
 

This is good for dilute concentrations but to account for particle-particle 

interactions they turn it into a DEM.  This model matches polymer composites with 

LM inclusions at 𝜙 = 0.5.  Table 2.2 details the equations of the most applicable 

models to estimate kc for mostly spherical metal particles in a PDMS composite. 

 

Table 2.2:  Table of most applicable models for related composites. 

Model Equation Valid 𝝓 

Bruggeman modified (
𝑘𝑝 − 𝑘𝑐

𝑘𝑝 − 𝑘𝑚
) (

𝑘𝑚

𝑘𝑐
)

𝐿

= 1 − 𝜙 All 

Tavangar 1 − 𝜙 =
(𝑘𝑚)

1
3(𝑘𝑝𝑘𝑐𝑅𝑏 + 𝑎𝑘𝑐 − 𝑎𝑘𝑝)

(𝑘𝑐)
1
3(𝑘𝑝𝑘𝑚𝑅𝑏 + 𝑎𝑘𝑚 − 𝑎𝑘𝑝)

 All 

Maxwell-Garnett with Rb 
(Hasselmann-Johnson 

similar) 

𝑘𝑐

𝑘𝑚
=

[𝑘𝑝(1 + 2𝛼) + 2𝑘𝑚] + 2𝜙[𝑘𝑝(1 − 𝛼) − 𝑘𝑚]
[𝑘𝑝(1 + 2𝛼) + 2𝑘𝑚] − 𝜙[𝑘𝑝(1 − 𝛼) − 𝑘𝑚]

 

 

𝛼 =
2𝑅𝑏𝑘𝑚

𝑑
 

<0.4 

Bruggeman Asymmetric (1 − 𝜙)3 = (
𝑘𝑐

𝑘𝑀
)

1+2𝛼
1−𝛼

(
𝑘𝑐 − 𝑘𝑝(1 − 𝛼)
𝑘𝑀 − 𝑘𝑝(1 − 𝛼))

3
1−𝛼

 All 

 

One variable that is hard to estimate in these models is Rb. Rb due solely to 

phonon acoustic mismatch is estimated on the order of 10-8 m2KW-1 at room 

temperature,16,64 providing a lower bound for this value. The contact resistance 

between Cu and Si at 300 K is around 4x10-4,64 providing a loose upper bound. 

Prasher puts Rb between a polymer matrix and metal fillers of 10µm in diameter at 
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5x10-6 m2KW-1.16 Rai and Moore claim a chemically clean interface between PDMS 

and copper nanowires to have a boundary resistance of 3x10-7 m2KW-1.65  

 

2.7    Liquid Metal Oxide Manipulation 

The thickness of the oxide layer on LM in ambient conditions is typically 1-3 

nm thick.31,66,67 The oxide layer is strong enough to support free standing LM 

structures and is often referred to as a skin.68 The oxide skin is amphoteric and can 

be thinned or removed in solutions with pH > 10 or pH < 3.68 

The oxide skin helps to stabilize LM inclusions in a PDMS matrix and it 

facilitates the fabrication of such composites made by simple mixing with a mortar 

and pestle. A minimum of 1.7 MPa is required to rupture a composite structure of 

GaInSn droplets (2-30 µm diameters) in a PDMS matrix at 𝜙=0.5 and induce 

electrical conductivity.44  

LM droplets can be formed outside of a polymer matrix by sonicating bulk LM 

in various solutions,31,40,69 shearing the LM into droplets,30,70 or by forming droplets 

through microfluidic channels.71,72 Forming LM droplets through microfluidic channels 

produces large, but stable, droplets with diameters on the order of 50-100 µm.72 

Sonication of bulk LM can produce much smaller droplets (< 30 µm). Increased 

sonication duration decreases LM droplet size from 13 µm with 2 minutes of 

sonication down to 1 µm with 60 minutes of sonication. The longer duration also 

increases the thickness of the oxide skin along with flaking nanoplatelets of LM oxide 

with average length and width of 200 and 50 nm, respectively. LM oxide 

nanoplatelets start to emerge after 5 minutes sonication in DIW.69 The size of the LM 

droplets can be reduced down to an average diameter of 110 nm by using thiol 

ligands in an ethanol solution with a probe sonicator. Ren et al. report that the thiols 

create a 3 nm organic layer around the oxide skin, further stabilizing the LM 
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droplets.31 Furthermore, Tevis et al. claim that shearing LM into droplets in acetic 

acid forms an organic layer on top of the oxide shell.70  

Yamaguchi et al. show reversible size control of nanoscale LM droplets under 

ultrasonication (hone-type) with the use of thiols, acids, and temperature.40 Thiols 

and acids are used together in order to controllably grow the LM droplets. 

Hydrochloric acid is effective for removing the LM oxide.73,74 

The LM oxide is electrically insulating and the LM droplets must be merged 

together to create electrical circuits. A force of 50 nN is required to break through 

the oxide skin of a ligand stabilized LM droplet of 100 nm in diameter with an AFM tip 

(~80 kPa).31 The size of the droplets affects the force required to rupture them.37 

The formation of oxide is also detrimental to the thermal properties of LM. Li 

et al. show more than a 100% increase in thermal resistance in oxidized LM, as 

compared to bulk LM. They overcome this by adding 10wt% copper particles to the 

oxidized LM and bring the thermal resistance back down to near bulk LM.27 Tang et 

al. show that adding 20vol% copper particles to a LM amalgam can more than 

double the thermal conductivity over that of the bulk LM and they provide a decent 

analysis on the subsequent alloying of Cu and Ga.75 

 

2.8    Stepped Bar Apparatus and ASTM D5470 standard basics 

I oversaw the design, fabrication, and calibration of a stepped-bar apparatus 

(SBA),76,77 which is based on the ASTM D5470 standard78 for measuring the thermal 

resistance of thin materials. This SBA was used in this research as the primary 

source of thermal characterization. Our custom SBA includes a linear encoder and a 

load cell that measure sample thickness and pressure during the thermal resistance 

measurements. Measuring thermal conductivity fundamentally requires applying a 

known heat flux to a sample of known geometry and then measuring the 
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temperature drop across the sample. In this method, a steady state temperature 

gradient across the sample is created using a heat source and a heat sink. The 

sample is placed between two metallic reference bars of known cross-sectional area 

and thermal conductivity. To minimize errors from misalignment, the top bar has a 

larger cross-section than the bottom bar.76 The temperature distribution in the 

reference bars (measured via thermocouples in precision-machined holes along the 

reference bar lengths) is then used to measure the heat flux, q, in the bars. Because 

the system is well insulated, the measured heat flow through the bars is equal to the 

measured heat flow through the sample. Extrapolating the temperature distributions 

of the reference bars to the bar-sample interfaces allows the temperature drop 

across the sample (ΔT) to be determined. The measured thermal resistance (Rth) 

across the sample is then found with 

𝑅𝑡ℎ =
𝛥𝑇
𝑞

 

This thermal resistance represents the summation of the sample’s intrinsic thermal 

resistance (Rs) as well as the thermal contact resistance (Rc) between the sample 

and the reference bars (note that Rc is the sum of two contact resistances, the 

contact resistance between the top reference bar and the top of the sample and the 

contact resistance between the bottom reference bar and the bottom of the sample). 

The samples are under pressure during thermal resistance measurements to 

minimize Rc, which will bring keff closer to the true k of the composite. Various loads 

are used to gauge sample properties, but the target pressure for the results of this 

study are 5-150 psi, the pressure range applicable to electronic cooling.6   

With Rth and tc known, the effective thermal conductivity can be calculated 

by:  

𝑘𝑒𝑓𝑓 = 𝑡𝑐
𝑅𝑡ℎ

= 𝑡𝑐
𝑅𝑐+𝑅𝑠
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This effective thermal conductivity includes the combined effects of the intrinsic 

sample resistance and the sample contact resistance. Consequently, the effective 

thermal conductivity is smaller than the intrinsic sample thermal conductivity.  

The sample temperature drop is determined by extrapolating the linear 

temperature distribution from the bottom bar to the bottom of the sample and a 2nd 

order curve fit from the end of the top bar to the top of the sample, as outlined by 

Thompson.79 This method of using a 2nd order fit for the end of the top bar was used 

primarily to be consistent with the method laid out by Thompson, but the difference 

in using a 2nd order fit vs a 1st order fit is generally small (< 2%) for our samples. 

The heat flux through the reference bars is determined from the slope of its 

temperature distribution (i.e., Fourier’s Law), as described by a linear fit through the 

measured temperatures in the bars. Only the upper portion of the top bar is used in 

the fit to calculate the heat flux in order to avoid any effects from the interface with 

the sample – though no effects have been specifically identified. Figure 2.3a 

demonstrates these principles as it applies to the stepped bar apparatus. Figure 2.3b 

presents measured values for small LM inclusions in PDMS at various values of 𝜙, 

following the procedure as outlined by Jeong et al.36 along with their reported 

results.  The slight difference in values can be traced back to the k of the polymer 

matrix.  They measure kPDMS = 0.17 Wm-1K-1 and I measure kPDMS = 0.27 Wm-1K-1, 

which difference follows through the rest of the values in the data.  The difference in 

measured values of the PDMS could be due to difference in polymer or measurement 

technique. They used Elastosil RT 601 and I used Sylgard 184.  They used xenon 

flash to measure thermal diffusivity and converted that to a thermal conductivity 

whereas I measured thermal resistance and sample thickness with a SBA to get 

thermal conductivity. 
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Figure 2.3: (a) Measurement principles of the ASTM D5470 standard. (b) Our results 

with well dispersed LM inclusions validated against Jeong et al.36 

 

 I estimate that the overall measurement uncertainty in keff from our SBA 

ranges from 4 to 6% (relative, 68% confidence).77 Additional uncertainty arises as 

the thermal conductivities of the sample and reference bars become more similar, 

and this corresponds to the higher end of the previously mentioned uncertainty 

range. I validated our thermal conductivity measurements against literature results 

on PDMS-liquid metal composites36,42 with good agreement. The measured Sylgard 

184 thermal conductivity of 0.27 ± 0.01 Wm-1K-1 also matches well with the thermal 

conductivity stated by the manufacturer (Sylgard 184), 0.27 Wm-1K-1.51 
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CHAPTER 3 

MAGNETIC ALIGNMENT IN PARTICLE-LADEN SOFT POLYMER COMPOSITES 

 

3.1    Introduction 

This chapter focuses on the benefits and pitfalls of using magnetic alignment 

to enhance the directional thermal conductivity of particle-laden polymer composites. 

The published work in Appendix C, titled “Buckling of Magnetically-Formed Filler Fiber 

Columns under Compression Increases Thermal Resistance of Soft Polymer 

Composites”,80 provides most of the novel research contributed in this chapter. As 

the first author on this paper, I was the main contributor in both research and 

writing. Some of the material in this chapter also came from the accepted 

manuscript in Appendix E, titled “Thermal Conductivity Enhancement of Soft Polymer 

Composites through Magnetically-Induced Percolation and Particle-Particle Contact 

Engineering”.81 Additional background and a more detailed literature survey are 

included in this chapter to provide a more complete work on the topic. 

 

3.2    Magnetic Alignment to Enforce Percolation 

The thermal conductivity of particle-laden polymer composites increases 

almost linearly with increasing particle fill volume fraction, 𝜙, until the percolation 

threshold (𝜙𝑝), is surpassed. Above 𝜙𝑝, much greater returns are achieved by 

increasing 𝜙. The percolation threshold is the point where a single network of 

connected particles spans the entire length of the composite. It is most easily 

observed by measuring the electrical resistance or conductivity of a composite. The 

composite will go from electrically insulating below the percolation threshold to 

electrically conducting above it.82,83 This threshold can be as low as 𝜙 = 0.01 for 



  27 

specialized high aspect ratio fill such as nanowires,84,85 but it is typically around 𝜙= 

0.3 for more cost-effective spheroidal particles.86–88 Unfortunately, major increases in 

the composites thermal conductivity are usually achieved well above the percolation 

threshold (𝜙 ≥ 0.5), which can degrade the mechanical properties of the composite 

as well as increase Rc at its interfaces.16,89 Operating above the percolation threshold 

creates more direct contact between multiple filler particles within the matrix and 

shifts the governing thermal boundary resistances from the matrix-particle interfaces 

(Rmp) to particle-particle interfaces (Rpp).82 One way this shift to Rpp limited boundary 

resistances can be achieved at lower 𝜙 is by aligning the fill material in the matrix. 

While many methods can be used to align the fill,90–97 I focus on using an external 

magnetic field to align particles and enforce percolation through the matrix. 

 

3.3    Previous Work 

Imposing a magnetic field on an uncured polymer is a simple and cost-effective 

method of directing the spatial arrangement of magnetic particles within the matrix, 

leading to highly anisotropic electrical and thermal conductivities in the composite. 

This process has been utilized since the 1980’s when Jin et al. showed that magnetic 

alignment of electrically conductive particles in a non-conducting matrix can be used 

to make an anisotropic composite that conducts electricity only along the aligned 

particle columns.98,99 There have been many demonstrations of altering electrical 

properties of composites using magnetic alignment since then,100–102 but it was not 

until more recently that the thermal ramifications of this procedure have been studied. 

Specifically, Martin and Gulley103 and Su et al.104 show that the magnetic alignment of 

2 - 7 diameter nickel particles doubles the thermal conductivity a polymer composite. 

Furthermore, several authors, including Solis and Martin,105 Yuan et al.,106 Martin and 

Snezhko,107 and others108–110 have shown that aligning higher aspect ratio particles 
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can produce even higher enhancements in directional thermal conductivity. Martin and 

Snezhko107 concluded that applying a magnetic field leads to the formation of an 

optimal composite structure for thermal transport by minimizing the magnetostatic 

energy and maximizing the permeability and, thus, the thermal conductivity.  

However, most TIMs operate under various amounts of load and compression. 

The effects of compression on magnetically aligned, particle-laden soft composites 

had not previously been investigated. In this chapter, I use an applied magnetic field 

to align nickel fibers with an aspect ratio of 7 in a soft polymer composite and 

evaluate the effects of compression on the aligned polymer composites.  

 

3.4    Methods 

Details on composite fabrication, materials, and methods used in this work 

can be found in the published and accepted manuscripts (Appendix C and Appendix 

E) and further information is supplied in the supporting information of each 

respective manuscript.  

 

3.5    Results and Discussion 

Using large nickel fibers (50 µm wide u 20 µm thick u 250 µm long) results in 

a maximum packing factor (𝜙max), of 0.35.111 As 𝜙 approaches 𝜙𝑚𝑎𝑥 there is less 

space between fibers for them to reorient and align with the applied magnetic field. 

The maximum composite thermal conductivity for the aligned composite was at 𝜙 = 

0.15 and reached k = 2.1 Wm-1K-1. This is also where the greatest increase due to 

magnetic alignment was observed (compared to the unaligned composite). Using 

spherical nickel particles (21 µm average diameter) in the soft polymer matrix 

reaches a theoretical 𝜙𝑚𝑎𝑥 closer to 0.6. Experimentally, the highest k for these 
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composites was observed at 𝜙 = 0.5 (the highest 𝜙 that was fabricated and 

measured) and reached k = 2.9 Wm-1K-1 for the aligned composites. Magnetic 

alignment increased the composite thermal conductivity by 0.6-0.8 Wm-1K-1 for 𝜙 = 

0.2 – 0.4 and 0.4 for 𝜙 = 0.1 and 0.5. Thus, the largest increase in k due to 

magnetic alignment happens near 𝜙_𝑚𝑎𝑥/2, where there is sufficient space for the 

particles to rearrange and at high enough 𝜙 to create continuous percolating 

networks through the thickness of the composite. Furthermore, high aspect ratio fill 

do not have their highest k at the highest 𝜙 - like spheroidal fill particles - but rather 

max out near 𝜙𝑚𝑎𝑥/2. This is due to the decreased number of high resistance 

particle-matrix interfaces when high aspect ratio fill are aligned, end-to-end through 

the composite. 

When both aligned nickel particle composites and aligned nickel fiber 

composites are compressed at low 𝜙, the thermal resistance, Rth, of the composites 

actually increases as compressive strain, 𝜖, increases. For both aligned systems, 

there is a threshold, 𝜙𝑡, near 𝜙𝑚𝑎𝑥/2 below which Rth increases with increased 𝜖 and 

above which Rth decreases with increased 𝜖. Below 𝜙𝑡 the aligned particle columns 

bend out of plane with the heat gradient, which transitions the mode of heat transfer 

from parallel along the aligned particle columns through the polymer matrix at 𝜖 = 0 

to more of a series representation at higher 𝜖. Above 𝜙𝑡 there is not enough space 

between aligned particle columns for them to bend out of plane without contacting 

and connecting with adjacent columns. 

 

3.6    Conclusions 

Magnetic alignment of high k fill in a soft polymer composite can dramatically 

increase the composites thermal conductivity, often by 2-, 3-, or 4-fold over the 
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unaligned composite when higher aspect ratio fill are used. Additionally, aligning high 

aspect ratio fill can enable higher thermal conductivities at lower 𝜙 – preserving 

many of the desirable mechanical properties of the soft polymer matrix that are lost 

when nearing the maximum packing limits of the fill material (lower young’s 

modulus, lower contact resistance, etc.). However, aligning the fill at low 𝜙 can have 

negative thermal side effects when using the composites under high strain. Thus, an 

optimum balance of thermal and mechanical performance is achieved in these 

aligned composites near 𝜙𝑚𝑎𝑥/2.  
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CHAPTER 4 

PARTICLE-PARTICLE CONTACT ENGINEERING 

 

4.1    Introduction 

Chapter 3 discussed how magnetic alignment can enforce percolation and 

increase particle-particle contact in the polymer composite. This chapter revisits 

magnetic alignment, but takes it one step further to use contact engineering to 

decrease the resistance between the aligned particles. In this chapter, I show that 

metal-metal interfaces have low boundary resistance and then use silver- and liquid 

metal-coatings on nickel particles to decrease the thermal boundary resistance at the 

particle-particle interfaces. 

The majority of the work on this topic has been accepted for publication to 

Advanced Materials Interfaces with the title “Thermal Conductivity Enhancement of 

Soft Polymer Composites through Magnetically-Induced Percolation and Particle-

Particle Contact Engineering.”81 The accepted manuscript is in Appendix E. Further 

work on this topic is included in Appendix D and is titled, “In Situ Alloying of 

Thermally Conductive Polymer Composites by Combining Liquid and Solid Metal 

Microadditives”.112 Additional background and a more detailed literature survey are 

provided in this chapter along with a summary of the results and conclusions. 

 

4.2    Low Metal-Metal Thermal Boundary Resistance 

In Chapter 3, magnetic alignment was used to connect particles together and 

enhance the thermal performance of the polymer composite. In this section, copper 

particles are used with LM in a polymer composite to demonstrate how metal-metal 

interfaces have lower Rb than metal-polymer interfaces. Copper was chosen for this 



  32 

study because LM will readily wet and stick to copper. In fact, copper and gallium 

rapidly alloy and form CuGa2 (see Appendix D for details).  

The Cu and LM are mixed together prior to adding it into the polymer matrix 

to form various sized LM-Cu fill. When the copper and LM mixture is well dispersed, 

kc is similar to a copper-polymer composite with no LM. But when large Cu-LM 

clusters are allowed to persist within the polymer matrix, as illustrated in Figure 4.1, 

kc then can exceed that of copper alone. 

 

 

Figure 4.1: Schematic showing how large, poly-dispersed, LM-Cu fill increases keff. 

 

Figure 4.2 presents the thermal performance of the LM-Cu-polymer composite 

as the size of the poly-dispersed LM-Cu filler increases (PAD50% is a measure of how 

large the clusters are. See full article in Appendix D for details) at 𝜙 = 0.5 (𝜙𝐿𝑀 = 𝜙𝐶𝑢 

= 0.25). As the figure details, the larger the clusters of connected LM-Cu fill, the 

higher the effective thermal conductivity of the composite. Extracting the Rc from 

these measurements provides estimates for the bulk composite thermal conductivity 

of nearly 20 Wm-1K-1. This highlights the fact that metal-metal interfaces have much 

lower interfacial boundary resistance than metal-polymer, oxide-polymer, and oxide-

oxide interfaces. This fact provides the basis for the assumption that soft and liquid 

metal coatings to connect particles can boost can dramatically decrease Rb overall. 
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Figure 4.2: Effective thermal conductivity of LM-Cu-polymer composites plotted 

against the size of poly-dispersed LM-Cu filler at 𝜙𝐿𝑀 = 𝜙𝐶𝑢 = 0.25. 

 

These LM-Cu-polymer composites may be useful for certain applications, but 

because of the rapid alloying of the Cu and Ga, they stiffen more than a Cu-only 

polymer composite. Additionally, because of their unique processing, it is difficult to 

repeatably produce high k composites. Thus, magnetic alignment is now used to 

provide a more repeatable process and metal particle coatings are used to lower Rb. 

 

4.3    Silver-Silver Interfaces 

Because of its high thermal conductivity and non-oxidizing surface,113,114 silver is a 

unique and attractive fill material for polymer composites. Even dispersed silver 

nanowires alone provide impressive thermal conductivity enhancement at very low 

𝜙115 that can be improved on by thermal (at 150°C)116,117 or microwave118,119 sintering 

of the nanoparticles inside the matrix material. This significant enhancement in kc by 

sintering or welding the silver particles is caused by an increase in the interfacial area 

between particles, and thus a considerable decrease in Rpp. This decrease in Rpp 
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dramatically improves conduction across the percolation network in the thermally 

insulating matrix material, reportedly by up to 40 times in the case of microwave 

welded silver nanowires.119 

Some research even suggests that mechanical stress on silver particles is sufficient 

to mechanically weld the particles together, producing similar enhancements to the 

composites thermal conductivity as thermal and microwave sintering.120 This suggests 

that good contact between silver interfaces along with the application of moderate 

mechanical force is sufficient to create decently conductive bonds between particles.  

This sintering and welding (electrical and mechanical) of the silver fill is enabled by 

the oxide-free,113,114 soft121 surface of silver. In this chapter, I leverage these unique 

silver-silver interface characteristics without the high costs of pure silver particles by 

using silver coated nickel particles. 

 

4.4    Liquid Metal in TIMs 

Liquid metals (LMs), such as eutectic GaIn and GaInSn, with melting 

temperatures near or below room temperature, have potential uses in flexible 

electronics, electronic packaging, and TIMs,15,26,35,122–124 but their integration can be 

challenging due to their low viscosity, high surface tension, and rapidly oxidizing 

surface. Consequently, LMs often require a modification prior to use.68 For example, 

more user-friendly LM pastes with improved mechanical, thermal, and electrical 

properties can be made by dispersing small amounts of solid metal particles in the 

LM base.27,75,125,126 The liquid nature of these alloys and their composites enable 

them to conform to surface roughness and compress under loads to decrease 

thermal resistance. But these options are still susceptible to pump-out and have 

possible corrosion issues, depending on the material of the mating surfaces.34 
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LM has also been incorporated in a polymer matrix, showing promise in 

raising k, eliminating pump-out issues, and decreasing the risk of Ga-induced 

corrosion. But well dispersed LM inclusions in a polymer matrix still have a high 

potential for LM leakage and only raise kTIM to 1.5 Wm-1K-1.36  

Thus, similar to the silver coatings on the nickel particles, I use the LM to reduce 

the thermal resistance between solid metal particles.  Unlike many previous studies 

that disperse solid metals in the LM, however, I disperse small amounts of LM into 

solid metal powders to produce LM coatings on the nickel particles. Since the oxidation 

of the LM has been shown to aid in wetting other metals, I mix the nickel powder with 

various amounts of LM with a mortar and pestle in an air environment.27,125 

 

4.5    Methods 

Nickel particles (average diameter of 21 µm) with silver coatings of 350nm, 

750nm, and 850nm are evaluated against bare nickel particles and galinstan-coated 

nickel particles. Details on composite fabrication, materials, and methods used in this 

work can be found in the submitted manuscript (Appendix E) and further information 

is supplied in the supporting information of the respective manuscript.  

 

4.6    Results and Discussion 

The silver-coated nickel particles provide more than a 4-fold decrease in 

thermal resistance in a dry powder bed, even at pressures as low as 300 kPa. The 

silver-silver interfaces reduce the thermal boundary resistance at the particle-particle 

interfaces by deforming and increasing the interfacial area between particles. 

Magnetically aligned in the polymer matrix, these silver-coated nickel particles 
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produce a 1.8-fold increase in composite thermal conductivity over the aligned bare-

nickel composites. 

The LM-coatings on the nickel particles produce similar results to the silver-

coatings, but require higher volumes of LM for similar boosts in composite thermal 

conductivity. This effect most likely stems from the presence of gallium oxide, which 

naturally forms when LM is exposed to air. This highly elastic, few nanometer thin 

oxide layer is prone to nanoscale and microscale wrinkling.127,128 Thus, it likely 

provides an inferior geometrical contact between particles than the oxide-free silver 

coatings. Furthermore, the thermal conductivity of single crystal gallium oxide is 

much lower (13 Wm-1K-1)129 than gallium (29±3 Wm-1K-1) and galinstan (25.4 Wm-1K-

1)130. The oxide shell will be amorphous, resulting in an even lower thermal 

conductivity. In fact, Li et al. show more than a 100% increase in thermal resistance 

in oxidized LM, as compared to bulk LM.27 The gallium oxide that forms between LM-

coated nickel particles will act as a moderately-high thermal resistance at the 

particle-particle interface. Only when multiple nickel particles are encased within a 

single LM-oxide shell is a significant decrease in boundary resistance achieved. 

 

4.7    Conclusions 

The nearly oxide free silver-silver interfaces provide significantly less thermal 

resistance than nickel-nickel interfaces by deforming under low pressure and 

increasing the interfacial area between particles. This produces a significant increase 

in composite thermal conductivity when particle-particle contact is maximized 

through magnetically enforced percolation, achieving k = 3.7 Wm-1K-1 at 𝜙 = 0.4. 

The oxidation of the LM facilitates the wetting of the LM onto metal particles, 

but also has a negative effect on the thermal performance of the composite. The 
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following chapter will go into more detail of the thermal properties of the oxide on 

liquid metal droplets and the thermal ramifications of rupturing that oxide. 
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CHAPTER 5 

THERMAL RAMIFICATIONS OF OXIDE RUPTURE 

 

5.1    Introduction 

As highlighted in the previous chapter, the oxide skin on the liquid metal is a 

major thermal bottleneck when using the LM to connect solid metal particles 

together inside the polymer matrix. As long as the particles are connected inside the 

oxide shell, it provides significant thermal conductivity enhancements. In this 

chapter, I seek to understand and overcome the negative effects of the gallium oxide 

shell by mechanically rupturing it and measuring, in situ, the thermal resistance.  

 

5.2    Popping LMDs 

I start by evaluating the force required to pop various sizes of LMDs and their 

thermal and electrical resistance as they are compressed. The size of the LMD and 

thickness of the oxide are the two main parameters that dictate how much force is 

required to pop them. Inside of a polymer matrix, large LMDs (2-30µm diameter, 

GaInSn) require 1.7 MPa to rupture and induce electrical conductivity.44 Nano-LMDs 

(600nm diameter, EGaIn) require 500 nN to pop individual droplets.37 But popping 

LMDs really comes down to applying enough pressure to achieve sufficient strain on 

the oxide to push it to failure. The ultimate tensile strength (𝜎𝑈𝑇𝑆 ), of 𝛽 − 𝐺𝑎2𝑂3 in the 

[100] direction is calculated to be 27 GPa @ 𝜖 = 0.17. Failure is around 𝜖 = 0.32,131 

which coincides with previous computational models of fluid filled microcapsules that 

rupture near the elastic regime, though experiments produce slightly lower strain at 

failure.132 This discrepancy between computation and experiment may be caused by 

increased stresses due to friction.133 However, it has been reported that a bed of 
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nano-LMDs, rather than individual particles, is expected to rupture closer to 𝜖 = 

0.44. 

 Assuming LMDs can be modeled as spherical thin-walled pressure vessels, 

the stress in the oxide shell can be simplified to 

𝜎 =
𝑃𝑟
2𝑡

 

where 𝜎 is tensile strength of the oxide shell, P is pressure, r is the radius of the 

LMD, and t is the thickness of the oxide shell. Assuming the pressure inside the LMD 

is equal to the force applied to the outside of the LMD during compression, the 

pressure required to pop these LMDs is then 

𝑃 =
𝜎2𝑡

𝑟
 

Figure 5.1 shows that as the UTS gets smaller, there is still a sharp increase 

in P at some critical diameter, dc. For use in TIMs, it is desirable for the oxide on the 

LMDs to rupture under low pressures. Therefore, it is necessary to stay above dc in 

order to remain in the zone of low-pressure oxide rupture for any given 𝜎𝑈𝑇𝑆. 

 

Figure 5.1: Pressure (P) vs LMD diameter (d) for various ultimate tensile strength 

values of the oxide shell when modeling the LMDs as thin walled, spherical pressure vessels. 

The red-shaded zone indicates where the pressure increases steeply as diameter is decreased 
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and the x’s indicate the critical diameters for each plotted 𝜎𝑈𝑇𝑆. The thickness, t, of the oxide 

shell is held constant at 1 nm. 

 

The first goal of this preliminary research is to identify if a bed of LMD’s will 

follow the trend set forth in Figure 5.1 as the individual LMD oxide shells are pushed 

to failure. The second is to validate the literature derived value for 𝜎𝑈𝑇𝑆 of the gallium 

oxide shells at 1 GPa.37 From there, chemical modifications will be made to the oxide 

shells during LMD fabrication to modify the strength of the oxide. If the strength of 

the oxide can be controlled, then so can the pressure at which the LMDs rupture.  

Previous work has been done using various methods to modify the oxide of 

gallium-based liquid metals, including: thiols,31,40,134 hydrochloric acid,40,73,135,136 

acidic siloxanes,137,138 electrolyte solutions and an applied voltage,71,139 acetic acid,140 

phosphonic acids,141,142 amino silanes,143 and polyvinyl alcohol.144 Additional studies 

have shown that the oxide thickness continues to grow and stabilize over several 

weeks, but that thiols can help minimize the growth by binding to the gallium, 

modifying the work function and minimizing the surface-accessible gallium.134 The 

preliminary studies in this chapter will focus on the effect of dodecanethiol – in 

conjunction with hydrochloric acid - in modifying the strength of the oxide layer on 

LMDs.  

Additionally, solid metal particles will be  addedto the mix in an effort to 

provide more points of stress on which to pop the oxide shells. All of this knowledge 

can then be used in designing soft polymer composites with LMDs or LM-coated 

particles as fill with the intent to rupture oxide shells before or during TIM application 

to enhance thermal performance. 
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5.3    Methods 

Liquid Metal Droplets (LMDs) 

To simplify the system and isolate the effects of the oxide, I study various 

sizes of liquid metal droplets (LMDs) packed together in a dry particle bed. LMDs are 

fabricated similar to previous works by sonicating bulk gallium in ethanol.31,40,69,145 

Specifically, 0.4 mL of liquid gallium is placed in a 40 mL vial with 35 mL of ethanol. 

This solution is sonicated in an ultrasonic bath (Branson 1800) for 45-60 minutes, 

depending on the target size of droplets.  Longer sonication times produce larger 

volumes of smaller LMDs. Various size distributions of LMDs are then separated 

through the use of sedimentation. The ethanol solution of LMDs is shaken to suspend 

all the particles and the larger particles will fall faster than the smaller ones. The 

smaller LMDs can be siphoned off the top after a desired amount of time and the 

larger particles can be collected from the bottom of the vial, as illustrated in Figure 

5.2. Repeating this process three times, then repeating with the new vial of LMDs 

made it possible to further refine the LMD distributions. Various sedimentation times 

were used to produce LMD size distributions. Figure 5.3 provides the size 

distributions obtained from the following sedimentation times ranging from one 

minute to over 8 hours (1-2min, 2-6min, 10-20min, 90-180min, > 8hrs). 

After making the desired distributions of LMDs, each suspension was drop-

cast directly onto the bottom reference bar of the SBA, as illustrated in Figure 5.4a. 

This process was repeated 4-6 times to create a bed of LMDs between 500 and 1500 

µm thick on the SBA reference bar. A Teflon gasket, polymer seal, and electrical tape 

retain the suspension on the reference bar while the ethanol evaporates (shown in 

Figure 5.4b), leaving the bed of LMDs behind.  
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Figure 5.2: Illustration showing how sedimentation followed by siphoning off the top 

suspension and repeating can create multiple LMD size distributions. 

 

 

Figure 5.3: Several example LMD size distributions after the sedimentation and 

segregation process. 

 



  43 

 

Figure 5.4: (a) Illustration of the drop cast process to create beds of LMDs and (b) an 

image showing the drop-cast suspension of LMDs and the Teflon gasket, polymer seal, and 

electrical used to retain the solution while the ethanol evaporates. 

 

After the bed of LMDs is complete, the electrical tape is removed to allow the 

Teflon gasket to slide along the reference bar as the top bar is brought down into 

contact with the bed of LMDs. The bed of LMDs are compressed between the 

reference bars of the SBA and the thermal and electrical resistance is measured at 

various pressures. This results in measured thermal resistance values as the 

thickness decreases, as demonstrated in Figure 5.5b. At the top-right of this plot, the 

first few measurements are of uncompressed beds of LMDs, as shown in Figure 5.5a. 

The insets in Figure 5.5b illustrate how the LMDs (1) start as uncompressed mixtures 

of gallium droplets with gallium oxide shells in air, then (2) compress together, (3) 

start popping, and (4) end up with the liquid gallium flowing out from between the 

reference bars, leaving behind fragments of the solid oxide shells. Figure 5.5c shows 

the same bed of LMDs after compressing. From this image the empty gallium oxide 

shells are visible as flattened husks. Figure 5.5d shows the corresponding thermal 
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conductivity of the bed of LMDs. As the LMDs compress, they start to pop, increasing 

the thermal conductivity of the beds by displacing air between LMDs and by creating 

percolating networks of flowing liquid gallium. The peak in k signifies the majority of 

the air has been replaced by liquid gallium. The subsequent decline in k as the 

thickness decreases further marks the event of liquid gallium escaping out from 

between the reference bars, leaving behind a higher ratio of the lower thermal 

conductivity gallium oxide to the higher conductivity liquid gallium.  

 

 

Figure 5.5: (a) SEM of the bed of LMDs prior to compression, (b) the raw thermal 

resistance data as the thickness is decreased with illustrations inset showing the process of 

popping the LMDs as well as some theoretical approximations fit to the data, (c) SEM of the 

fully compressed remains of the bed of LMDs showing the leftover gallium oxide husks, and 

(d) the corresponding thermal conductivity of the bed of LMDs under compression. 

As the size of the LMDs decreases, the pressure required to pop them 

increases. The SBA used in this work was equipped with a load cell with a maximum 
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load of 500 N. Thus, the maximum pressure applied to these LMDs was 4 MPa – not 

high enough to rupture some of the smaller LMDs. Figure 5.6 presents SEM images 

of the uncompressed and fully compressed remains of a few size distributions of 

LMDs. These images show that LMDs smaller than 1 µm in diameter remain 

unruptured but the entire bed of larger LMDs are ruptured after measurement in the 

SBA.  

 

Figure 5.6: compressed and uncompressed beds of LMDs for the 1, 3, and 6 µm LMD 

distributions in Figure 5.3. 

The temperature of the bottom ref bar was set to 30°C, just above the 

melting point of bulk Gallium, even though studies have shown the melting point to 

be much lower for Gallium droplets – as low as -14°C for gallium nanodroplets.40,146 

 

Tungsten Particles and LMDs 

To provide more stress points for the LMDs to pop and to try and further 

increase the thermal conductivity of the LMD beds, I dispersed tungsten particles in 
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with the LMDs prior to drop casting onto the SBA and measuring the thermal 

properties. I used two different sizes (0.4-1 µm and 12 µm) of tungsten particles 

with the LMDs in the ethanol solution at various volume ratios of tungsten to gallium. 

Tungsten was chosen because it is one of only a few metals that have no chemical 

reactions with gallium. 

 

Chemical Modifications 

Using the unmodified LMDs as a control, both thiolated LMDs and HCl-treated 

thiolated LMDs are studied. The process to make the HCl-treated thiolated LMDs is as 

follows: 

i. Bring Ga and ethanolic thiol solution to temperature (36°C) 
ii. Add 0.4mL Ga into 35mL ethanol with 10mM concentration of C12SH (in a 40mL vial) 

iii. Sonicate @ 36°C for 50 minutes (form LMDs with thiol-coated oxide) 
iv. Let the LMDs sediment and cool for 15 minutes 
v. Add solution to 35mL of 10mM HCl in ethanol to achieve a final concentration of HCl of 

5mM 
vi. Split solution into 2 × 40mL vials and sonicate at room temperature for 10 minutes to 

etch the Gallium oxide with the HCl 
vii. Sediment and rinse with ethanol at the 2-4 minute time interval to extract LMDs with an 

average diameter of 8µm and remove HCl and excess thiols 
viii. Drop cast and measure thermal properties 

The thiolated LMDs and the control LMDs follow the same procedure with the 

absence of HCl and thiols, respectively. 

Based on previous works,40,134 the thiols will bond to the gallium, hindering to 

some degree the formation of Ga2O3 (the most common oxide in LMDs), and the HCl 

will etch the oxide out from under the thiols, allowing the thiols to further bind and 

cover the exposed gallium, as illustrated in Figure 5.7a.  The three configurations 

tested in this chapter are illustrated in Figure 5.7b, c, and d. 

The age of the LMDs also plays a role in how thick the oxide layer grows to 

be.134 Thus, some of the variation in these results may be from slight differences in 

LMD age due to timing constraints in fabrication and measurement. 
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Figure 5.7. (a) process in which thiols and HCl are combined to obtain relatively oxide-

free LMDs and the three resulting configurations that are tested herein, namely: (b) LMDs with 

native oxide (control), (c) thiolated LMDs, and (d) thiolated LMDs with oxide removal 

 

5.4    Results and discussion 

Size of LMDs 

The results follow the expected trend that larger LMDs require less force to 

deform and rupture (compressing elastic capsules).147 Figure 5.8a details the thermal 

conductivity of beds of various average diameter LMDs as the pressure increases and 

the beds are compressed. The larger diameter LMDs reach a kmax at much lower 

pressures than the smaller diameter LMD beds. Specifically, the 12 µm average 

diameter LMD bed reached a 𝑘𝑚𝑎𝑥 of 8 Wm-1K-1 at a pressure of less than 1 MPa; the 

0.4 µm average diameter LMD bed barely got above 1 Wm-1K-1 at 4 MPa (the 

maximum pressure measured on the SBA). Figure 5.8b details the thermal 

conductivity at a pressure of 0.75 MPa and the kmax value versus the average LMD 

diameter. Figure 5.8c plots the pressure at kmax for each LMD distribution versus the 

average diameter of the distribution on top of theoretical values for the failure of 
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thin-walled pressure vessels, discussed previously. The shaded region uses values 

from literature for 𝜎 of 1 GPa37 and t of 0.5-2.5 nm.66,67,127,134,148–150 Also shown in the 

figure are some values of rupturing nano-LMDs by Boley et al.37 as well as the 

pressure values at which the samples in this study transitioned from electrically 

insulating to electrically conducting. 

 

 

Figure 5.8: (a) Thermal conductivity (k) versus pressure (P) as the beds of LMDs are 

compressed for five different size distributions of LMDs (the distributions are shown in Figure 

5.3), (b) k versus average LMD diameter at a pressure of 0.75 MPa and at kmax in (a), and (c) 

experimental data of pressure at kmax in (a) versus the average LMD diameter overlaid on 

theoretical values for thin-walled pressure vessels at failure assuming an oxide ultimate tensile 

strength, 𝜎 = 1 GPa, and a thickness of 1-3 nm. Also included in this plot are values for when 

the beds of LMDs transition from electrically insulating to electrically conducting as well as 

values reported by Boley for similar LMDs.37 [X_err is the standard deviation of the particle 

size distributions.] 

The lower thermal conductivity of with the smaller LMDs is also caused in part 

by the higher overall content of gallium oxide. Similar effects have been noted 

previously with nano-LMDs.37 As the size of LMDs changes from 𝑑𝑎𝑣𝑒 = 12𝜇𝑚 down to 

1𝜇𝑚, the surface area of the LMDs increases by seven orders of magnitude 

(assuming a total LMD volume of 2×10-8 m2). The k of the gallium oxide on the LMDs 
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will be much less than 13 Wm-1K-1 – that of single crystal 𝛽-Ga2O3.129 Thus, the large 

increase in gallium oxide on the increased surface area as the size of LMDs decreases 

equates to a decrease in constituent thermal conductivity and an increase in thermal 

interfaces. 

Figure 5.9 shows the thermal resistance of the five LMD distributions versus a 

normalized thickness. The steep slopes for the larger average diameter distributions 

at the right side of the plot suggest that they are popping under small amounts of 

compression while the smaller average diameter distributions require more 

compression before popping, which leads to lowering the thermal resistance.  

 

Figure 5.9: Measured thermal resistance of the five LMD distributions versus a 

normalized thickness of the LMD bed as it is compressed. 

 

Tungsten assisted popping of LMDs 

Tungsten may have some uses in controlling the rheological and mechanical 

properties of liquid gallium based TIMs,75,125 but in LMD beds it does not provide any 

thermal benefit, as detailed in Figure 5.10. This data suggests (Figure 5.10a) that a 
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volume ratio of W to Ga of 1:3 provides the best thermal performance. In 

applications where high pressures are expected, this ratio of W to Ga would also 

maintain its high thermal conductivity better than large LMDs by themselves. 

Comparing Figure 5.10b to Figure 5.10a, it is evident that addition of small W 

particles produces much lower thermal conductivity than addition of the large W 

particles. This is due to the increased number of interfaces when using the small W 

particles and the overall increase in interfacial area. These two parameters increase 

the interfacial thermal boundary resistance and greatly decrease the thermal 

conductivity. Comparing Figure 5.10c to Figures 5.10a and 5.10b suggests that the 

thermal conductivity of these mixtures is much less sensitive to the size of LMDs 

than when LMDs are measured alone (compare to Figure 5.8a).   

 

 

Figure 5.10: Plots of thermal conductivity, k, versus the applied pressure, P, for beds 

of (a) 12µm W + 8µm Ga, (b) 1µm W + 1µm Ga, and (c) a mixture of sizes at 1:1 volume 

ratios. The volume ratios are given next to each curve. 

 

Chemical Modification 

From previous reports, the thiol-capped LMDs should be softer and have a 

lower effective surface tension than oxide coated LMDs.37 Indeed, Figure 5.11 
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confirms this. The figure shows that the use of dodecanethiol alone to modify the 

surface of the LMDs produces a lower thermal conductivity than the un-thiolated 

LMDs. Yet, when etched with HCl, the thiolated LMDs achieve the highest k out of the 

three options tested. This suggests that the dilute HCl solution does etch and weaken 

the oxide shell and that the thiol may prevent – or at least delay - oxide regrowth. 

 

Figure 5.11: Thermal conductivity versus the applied pressure for thiolated LMDs, 

thiolated LMDs etched by HCl, and un-thiolated LMDs (control). 

 

5.5    Conclusions 

In measuring the thermal properties of these beds of LMDs, three main 

conclusions are apparent from the experiments performed in this chapter: 

1) Large LMDs pop under less pressure than small LMDs, thus resulting in higher thermal 

conductivities at lower pressures.  

2) The addition of large W particles can help stabilize the LMDs under high pressure without 

changing the thermal performance, but the addition of small W particles results in a 

decrease in thermal conductivity.  
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3) Exposer to dodecanethiol during LMD fabrication followed by an HCl rinse produces an even 

higher k than untreated LMDs at an even lower pressure. 

In agreement with thin-walled pressure vessel theory, large LMDs require less 

force to pop than smaller LMDs. Because more of the LMDs are popped under less 

pressure, the large LMDs produce a higher k than smaller LMDs. The larger LMDs 

have more flowing metal under less pressure, less overall gallium oxide, and fewer 

thermal interfaces. The 12µm diameter LMDs achieve k of 8 Wm-1K-1 at a pressure of 

less than 1 MPa while the nano-LMDs only reach 1 Wm-1K-1 and at 4 MPa. 

Furthermore, by fitting the experimental results to some theoretical approximations, 

I estimate that the ultimate tensile strength of the gallium oxide shells on the LMDs 

is in the range of 1-2 GPa.  

The addition of 12µm W particles to a bed of 8µm diameter LMDs at a 1:3 

volume ratio of W to Ga stabilizes the bed and reaches a similar k to large LMDs 

alone, but at much higher pressures. Small W particles introduce many additional 

thermal interfaces and decreases the thermal performance of the bed of LMDs. 

In agreement with our original hypothesis that LMDs could be weakened by 

chemical modifications, the LMDs responded as expected to dodecanethiol 

treatments. An additional thiol layer on top of the oxide layer resulted in a lower kmax 

than untreated LMDs while the thiol layer alone (oxide etched away with HCl) 

resulted in a higher kmax, in excess of 15 Wm-1K-1. 
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CHAPTER 6 

CONCLUSIONS AND FUTURE WORK 

 

In the search for the ideal thermal interface material, I advise that one look 

to magnetically aligned, soft polymer composites. Soft polymer composites provide 

the mechanical equilibrium required to balance low contact resistance and minimize 

pump-out. Magnetic alignment can provide significant boosts to the directional 

thermal conductivity of the composite without undue stiffening of the composites. A 

volume ratio of magnetically aligned fill of 𝜙𝑚𝑎𝑥/2 can minimize composite stiffness 

from the addition of the fill while maximizing the thermal conductivity. Magnetic 

alignment of spherical particles can double the thermal conductivity of a composite, 

as compared to the unaligned composites. High aspect ratio fill can benefit even 

more from magnetic alignment, as much as 3- and 4-fold over the unaligned 

composites.  

The boost in composite thermal conductivity from magnetic alignment comes 

from an increase in particle-particle contact. The magnetic field drives the fill 

particles to create a percolation network inside and across the lower thermal 

conductivity polymer matrix. These percolation networks shift the governing 

interfacial thermal boundary resistance to the particle-particle interfaces, lowering 

the overall boundary resistance in the composite and increasing the thermal 

conductivity. With the particles in good contact with one another from the 

magnetically-induced percolation, particle-particle contact engineering can then be 

used to even further reduce the overall boundary resistance and boost the thermal 

conductivity of the composite. 

Particle-particle contacts can be engineered to improve the thermal contact 

between particles. Hard, rigid fill particles connect to neighboring particles as point 
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contact with very little interfacial area connecting the two particles. Particle coatings 

are used to increase the interfacial area and improve the thermal connection 

between particles. Silver and liquid metal coatings both prove effective at decreasing 

the particle-particle boundary resistance and increasing the composites thermal 

conductivity. Magnetically aligned in the polymer matrix, 350nm-thick silver coatings 

on nickel particles produce a 1.8-fold increase in composite thermal conductivity over 

the aligned bare-nickel composites. The LM coatings provide similar enhancements, 

but require higher volumes of LM to do so. This is due to the rapid formation of 

gallium oxide, which introduces additional thermal boundaries and decreases the 

benefit of the LM coatings. 

Through various experiments exploring the thermal ramifications of rupturing 

the oxide shell of liquid metal droplets, it is estimated that the Ga2O3 shell on the 

LMDs has ultimate tensile strength around 1-2 GPa. Large LMDs pop under less 

pressure than small LMDs. Furthermore, LMDs less than 2µm in diameter require too 

much force to pop for TIM applications. Adding in large tungsten particles to the bed 

of LMDs can help stabilize the mixture for applications where higher pressures are 

expected, while preserving the high thermal conductivity of large ruptured LMDs. 

The LMDs can be weakened prior to compression by using thiols in 

conjunction with hydrochloric acid. The thiols create a layer on top of the oxide shell. 

A dilute solution of HCl is then used to etch the oxide layer out from under the thiol 

layer. This results in a 50% increase in thermal conductivity of the compressed bed 

of LMDs at pressures well below 1 MPa. 

Future work will investigate using what was learned in chapter 5 in fabricating 

a LM-solid metal soft polymer composite that doesn’t suffer the same ill-effects from 

the LM-oxide as was evident in chapter 4. Additionally, greases made out of the 

chemically altered LMDs will be fabricated and tested. All these materials need to 
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undergo long term performance and reliability testing prior to being used as 

commercial TIMs, but this research shows several methods to increase kTIM,eff that 

can very positively impact the thermal management of electronics.  
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APPENDIX A 

HEAT SINK SURFACE PROFILES 
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The roughness of three commercial heat sink surfaces were examined with 

optical profilometry to determine the surface roughness that a TIM 2 would need to 

address. Figures A1, A2, and A3 show the profiles and images of the Enzotech CNB-

SI Forged copper 1100 (pin fins, mirror finish, $20), the Cooler Master Hyper 212 

EVO (4 direct contact heat pipes, machine finish, $30), and the Cryorig H7 tower 

cooler (3 pure copper, indirect contact heat pipes, machine finish, $35), respectively. 
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Figure A1:  Surface profile of (A) the mirror finish and (B) a defect of the Enzotech 

CNB-SI forged copper heat sink along with (C) a photo. 
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Figure A2:  Surface profile of (A) the machined finish and (B) the gap between pipes of 

the Cooler Master Hyper 212 EVO heat sink along with (C) a photo. 
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Figure A3:  Surface profile of the machine finish (A,B) on the Cryorig H7 tower cooler 

heat sink along with (C) a photo. 
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Buckling of Magnetically Formed
Filler Fiber Columns Under
Compression Increases Thermal
Resistance of Soft Polymer
Composites
Thermally conductive soft composites are in high demand, and aligning the fill material
is a potential method of enhancing their thermal performance. In particular, magnetic
alignment of nickel particles has previously been demonstrated as an easy and effective
way to improve directional thermal conductivity of such composites. However, the effect
of compression on the thermal performance of these materials has not yet been investi-
gated. This work investigates the thermal performance of magnetically aligned nickel
fibers in a soft polymer matrix under compression. The fibers orient themselves in the
direction of the applied magnetic field and align into columns, resulting in a 3! increase
in directional thermal conductivity over unaligned composites at a volume fraction of
0.15. Nevertheless, these aligned fiber columns buckle under strain resulting in an
increase in the composite thermal resistance. These results highlight potential pitfalls of
magnetic filler alignment when designing soft composites for applications where strain is
expected such as thermal management of electronics. [DOI: 10.1115/1.4041539]

Introduction

By filling in air gaps, thermal interface materials (TIMs) reduce
thermal contact resistance between mating electronic components
in integrated circuits. These materials are integral to the operation
of cell phones, laptops, servers, and wherever computer chips pro-
duce heat. Furthermore, improving the thermal performance of
TIMs enables faster speeds and longer lifespans in these systems.
Conversely, poor thermal management can lead to accelerated
aging and rapid degradation [1–4].

Composites consisting of a soft polymer matrix with high ther-
mal conductivity filler particles are commonly used as TIM
“pads.” These soft polymer composites have two primary advan-
tages: (1) the low Young’s modulus allows the TIM to conform to
the geometrical imperfections of the two mating surfaces and (2)
the polymer pads do not suffer from pump out issues like most
thermal greases [2]. However, the soft polymer matrices have a
low thermal conductivity of 0.1–0.4 W m"1 K"1 [5,6 ] that can
only be moderately enhanced to around 1.5–3 W m"1 K"1 by
solely dispersing traditional high thermal conductivity filler par-
ticles [7 ]. Consequently, much effort has been dedicated to devel-
oping novel fillers and their dispersion methods that increase the
thermal conductivity of soft polymer composites to the ranges
needed for current high performance applications [3,4,8,9].

Thermal conductivity of polymer composites is a function of
fill thermal conductivity, fill volume ratio, fill aspect ratio, matrix
thermal conductivity, interaction between fill and matrix, fill
alignment, and dispersion [7 ]. In general, an increase in the value
of the first four listed parameters will result in an increase in the
composite thermal conductivity, as will a better chemical interac-
tion between fill and matrix [10–17 ]. However, particle dispersion
does not necessarily follow this trend—a composite with well-
dispersed filler does not necessarily have a higher thermal conduc-
tivity than a composite with poorly dispersed filler. This

ambiguity exists because aggregation and alignment of filler par-
ticles can increase the directional thermal conductivity of the
composite [12,18–20]. Since TIM pads only require high heat
transfer rates in the normal direction, vertically aligning the fill
material in the matrix presents a path for increasing performance
while holding all other parameters constant [21–24].

Previous works have demonstrated that aligned fill material in a
polymer matrix can greatly enhance the directional thermal con-
ductivity of the composite and that composites with high aspect
ratio filler particles benefit most from alignment [25–27 ]. Flow of
the uncured polymer, for example, is an effective method for
aligning high aspect ratio particles [28,29]. However, in most
microelectronics applications—such as the case of underfill—flow
of the uncured composite is perpendicular to the direction of
desired fill alignment. An alternative approach that enables high
control over the preferential particle direction is alignment by a
magnetic field.

Ferrous fill material in a polymer matrix can be easily aligned
in a controlled magnetic field [25,30–32]. Furthermore, simple,
uniaxial magnetic field alignment of spheroid nickel particles dou-
bles the thermal conductivity of the composite (as compared to
the unaligned particle composites), achieving a thermal conduc-
tivity enhancement of more than 4! at a fill volume fraction, /,
of 0.3 over the matrix alone [33]. Magnetic alignment of nickel
platelets shows an even greater increase due to alignment and can
do so at smaller fill volume fractions. For example, Solis et al.
showed an enhancement in thermal conductivity of 20! at / ¼
0.15 over the matrix material (a 4! increase over unaligned sam-
ple) [34]. The authors of these two works [33,34] went on to fur-
ther explore how various types of magnetic fields affect particle
alignment and conclude that the applied magnetic field will align
the particles in a structure that is optimal for good thermal trans-
port [35]. Thus, magnetic alignment of fill in a polymer matrix is
a simple and effective method for improving the composites ther-
mal performance. However, the thermal performance of soft com-
posites with magnetically aligned particles under compression in
ranges relevant to microelectronic applications (strain of at least
25% or more [36 ]) has not been investigated. In this work, we
experimentally fill this knowledge gap by (i) investigating thermal
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transport changes caused by magnetically aligned nickel fibers in
a soft silicone matrix and (ii) investigating the effects of compres-
sion on these composite pads. Intriguingly, we demonstrate that
the thermal resistance of the pads with aligned fibers increases
under compression. Using further experiments and theoretical
arguments, we reveal that this increase stems from buckling of the
fiber columns under compressive strain.

Methods

Fabrication. The matrix material in this work is Smooth-On
EcoFlex 00-20, which is a very soft, platinum cured silicone elas-
tomer with a thermal conductivity, k, of 0.360.03 W m"1 K"1

(95% uncertainty). The nickel fibers (50 lm wide! 20 lm
thick! 250 lm long from IntraMicron (Aubum, AL), Fig. 1(a))
are mixed into the matrix with a mortar and pestle. Large nickel
fibers were selected for this work so that fiber alignment in the
polymer matrix could be easily observed and characterized with
an optical microscope. The uncured composite is vacuum
degassed to remove air bubbles and then poured into a
1.5 mm! 12.7 mm ! 12.7 mm acrylic mold. The top is placed on
the mold, removing any excess material, and magnets (BY0Y02
from K&J Magnetics, Inc., 2 in! 2 in! 1/8 in, NdFeB, Grade
N42) are placed on top and bottom of the mold for aligned fiber
composites, as illustrated in Fig. 1(b). The magnetic field strength
at the center of the sample is estimated at around 1400 gauss,
based on estimates from the manufacturer’s online calculator for
magnetic field strength [37 ]. For unaligned composites, a weight
is placed on top of the mold during cure. Since the samples with
/ ¼ 0.25 and 0.35 are too viscous to pour, they are scooped into
the mold and packed in with the pestle. The composites are cured
in the mold at room temperature for 3 h.

Thermal Measurements. Thermal resistance is measured in
the direction of fiber alignment with a stepped bar apparatus
(SBA) [38,39], which is based on the ASTM D547 0 standard for
measuring thin, insulating materials. A linear encoder on the SBA
measures the distance between the reference bars and, subse-
quently, the compressed thickness of the composite sample. Con-
current measurements of applied pressure were also performed
using a load cell integrated with the SBA (see Fig. S1, which is
available under the “Supplemental Materials” tab for this paper on
the ASME Digital Collection). Thermal conductivities are calcu-
lated using the measured thermal resistance and thickness of the
compressed sample as

k ¼ tc
R

(1)

where tc is the compressed thickness of the sample in meters and
R is the measured thermal resistance in m2 K W"1. The average
temperature of the samples during thermal measurement is around
55 $C. The system has been validated using reference silicone
samples (refer to Ralphs et al. [18] for details).

A thin layer of liquid galinstan (Rotometals) is applied on top
and bottom of each sample to minimize contact resistance
between the sample and reference bars. Note that the copper bars
are not affected by gallium within the timeframe of the experi-
ments [18]. Thus, while the measured values in this paper are
effective thermal conductivities and include the thermal contact
resistance between the sample and the reference bars, the differ-
ence between the measured value and the bulk composite thermal
conductivity is assumed to be small. The effect of thermal contact
resistance is also further minimized by our use of relatively thick
samples that are 1.5 mm thick (no compression) and 0.85 mm
thick (full compression with strain¼ 0.45).

Buckling. The buckling behavior of the nickel fiber columns
encapsulated in the polymer was observed with an optical micro-
scope (Zeiss Axio Zoom.V16 with an objective lens of 2.3!/0.57
FWD and 10.6 mm focal length Zeiss PlanNeoFluar Z) while the
composites were compressed in a vise. The effects of the aligned
nickel columns buckling are most easily visualized at / ¼ 0.05
(Fig. 5(b) inset and Fig. S2 in supporting information, available
under the “Supplemental Materials” tab for this paper on the
ASME Digital Collection). This image clearly shows that the
aligned columns of nickel fibers buckle with increased compres-
sive strain. As illustrated in Fig. 2, the aligned columns buckle

Fig. 1 (a) Scanning electron microscopy image of the nickel fibers used in these composites and (b) illustration showing the
molding and magnetic alignment of the nickel fiber–polymer composites including a schematic of the applied magnetic field

Fig. 2 Illustration of the Poisson’s effect on the orientation of
fiber buckling, which causes the fibers to buckle outward in the
radial direction
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outward, radially, which is most likely driven by Poisson’s effect.
Specifically, the nickel fiber columns appear to be tracking the
continuum mechanics deformation field rather than buckling in
random fashion. Since the pressure applied to these composites is
not large enough to significantly deform the nickel fibers them-
selves (under 1 MPa), the length (or arc length) of the aligned
nickel columns should remain constant as they buckle. However,
because the optical images do not capture out of plane deforma-
tions (the columns could be buckling in or out of the plane of
focus), it is difficult to confirm this. The increase in thermal resist-
ance with strain is reversible (see Fig. S5 in supporting informa-
tion for details, available under the “Supplemental Materials” tab
for this paper on the ASME Digital Collection), signifying no per-
manent damage or deformations are incurred. Therefore, tears in
the minimal amount of polymer matrix that hold the nickel fiber
columns together can be ruled out along with nickel fibers slip-
ping past each other as the composite is compressed. Thus, it is
assumed that the length of the buckling nickel fiber columns
remain constant as strain increases.

Image Processing for Fiber Alignment. Alignment of the
nickel fibers was evaluated by image processing with ImageJ, by
manually drawing lines on top of the individual fibers. The angle
of the fibers varied from 0 deg to the right to 180 deg on the left
with 90 deg corresponding to a fiber aligned from bottom to top of
the composite. The angle measurements in Fig. 3 and histograms
in Fig. S3 (see “Supplemental Materials” tab for this paper on the
ASME Digital Collection) show the results from at least 200 fiber
orientation measurements per / for both aligned and unaligned
composites. The angle measurements were sorted and every fourth
to eighth angle was plotted in order to distinguish individual data
points, depending on how many fiber orientation measurements
were available.

Scanning Electron Microscopy of Nickel Fibers. Nickel
fibers were suspended in ethanol and then drop cast on a piece of
a silicon wafer to prepare them for scanning electron microscopy
(SEM). Once the ethanol had evaporated, the SEM (Amray 1910
with field emission gun) was conducted at 20 kV, a working dis-
tance of 12.1 mm, and a SEM-software defined spot size of 0.0.

Results and Discussion

The nickel fibers used in this work have an aspect ratio around
7 (averaging the two transverse fiber dimensions), which is
between that of the magnetically aligned spheroid nickel particles
(aspect ratio¼ 1) and nickel platelets (aspect ratio¼ 20) utilized
in previous work on thermal conductivity enhancement through
magnetic alignment of filler particles in an epoxy matrix with
k¼ 0.23 W m"1 K"1 [33,34]. Consequently, addition of the nickel
fibers to the silicone matrix results in a thermal conductivity
enhancement greater than that obtained by addition of the sphe-
roid nickel particles but lower than that achieved by addition of
the nickel platelets (see Fig. 4(a)). As the nickel fibers are exposed
to the magnetic field, the fibers themselves become magnetized
and aggregate together forming fiber columns inside the matrix.
This segregation and alignment into columns is visually most
notable at / ¼ 0.05, but is also easy to observe with / ¼ 0.15
(see Fig. 3). At / ¼ 0.25 and 0.35, there is very little evidence of
alignment or reorientation of the fibers. In more quantitative
terms, the plots in Figs. 3(b), 3(d), 3(f), and 3(h) show graphical
representations of the fiber alignment distribution estimated using
image processing from the two-dimensional images. In our defini-
tion, the fiber alignment angle varies from 0 deg to 180 deg, where
90 deg corresponds to a line connecting from bottom to top of the
composite. From these plots, it is evident that alignment by the
magnetic field is less effective at higher / (for more info, see
Fig. S4 in the “Supplemental Materials” tab for this paper on the
ASME Digital Collection). Specifically, the angular distributions

of the aligned fibers at / ¼ 0.05 and / ¼ 0.15 are highly aniso-
tropic and concentrated around 90 deg (vertical across the com-
posite). In turn, those of the aligned fibers at / ¼ 0.25 and / ¼
0.35 are isotropic (uniformly distributed) and indistinguishable
from the isotropic angle distributions of the fibers that were not
exposed to magnetic field. While, as expected from our alignment
angle definition, for all distributions, the average fiber alignment
angle is around 90 deg, the associated standard deviations increase
dramatically from 11.3 deg and 27 .8 deg for /¼ 0.05 and 0.15 to
46 .3 deg and 47 .6 deg for /¼ 0.25 and 0.35. The standard devia-
tion of unaligned samples was measured to be between 48 and
55 deg, and so these angle measurements confirm our qualitative
observations of diminishing effectiveness of magnetic field align-
ment at higher /.

The decrease of the effect of magnetic field on fiber orientation
at higher fill fraction likely stems from increased particle jamming
and translates into diminishing thermal conductivity enhance-
ments. Specifically, since the volume of the composites was con-
fined in the mold during exposure to the magnetic field, the ability
of the fibers to move in response to the field is highly dependent
on their packing. According to Toll [40], the maximum packing
factor for these fibers is around 35%, thus explaining the dimin-
ishing magnetic alignment as fiber volumetric fraction approaches
this limit. In essence, at lower volumetric ratios, particles can
freely reorient themselves in response to the magnetic field with-
out interacting with other particles. Near the packing limit, how-
ever, volume around the fibers is predominantly occupied by other
fibers, which restrict each other’s movements. This diminishing
ability of the fibers to align at high volume fractions naturally
translates into a decreasing magnetic enhancement in thermal con-
ductivity for composites measured at low strain, !, below 0.05
(see Fig. 4(b)). Specifically, magnetic alignment more than dou-
bles (from 0.4 to 1.1 W m"1 K"1) and triples (from 0.7 to 2.2 W
m"1 K"1) the thermal conductivity of the composite at /¼ 0.05
and /¼ 0.15, respectively. In contrast, at /¼ 0.25 magnetic
alignment enhances the thermal conductivity only by a factor of
1.3 (from 1.4 to 1.9 W m"1 K"1) and has no detectable effect at
/¼ 0.35. Thus, magnetic alignment of fibers provides a signifi-
cant thermal conductivity enhancement only at fill fractions
appreciably below the packing limit.

The plots in Fig. 5 demonstrate that, intriguingly, the thermal
properties of the magnetically enhanced composite pads deterio-
rate with increased compressive strain. Specifically, for the sam-
ple with / ¼ 0.05, inducing compressive strain up to 0.45
decreases the thermal conductivity of the composite from 1.15 to
0.6 W m"1 K"1 (increases thermal resistance from 1.32! 10"3 to
1.52! 10"3 m2 K W"1). The corresponding side-view images of
the pads under compression shown in the inset in Fig. 5(b) reveal
gradual buckling of the fiber columns. Consequently, the counter-
intuitive degradation of thermal properties of the magnetically
enhanced composites under compression likely stems from
column-buckling induced changes to the conduction path and/or
interparticle thermal resistance.

In order to quantify the role of the nickel fiber column buckling,
we have developed two simple models for the thermal conductiv-
ity of the compressed composites. The first, most basic model
treats the composite as a parallel network of nickel fiber columns
and silicone. During compression, the length of the nickel fiber
column is assumed to remain constant while the thickness of the
matrix material decreases. This simple parallel model is given by

k ¼ tc
A

kNFCANFC

t0
þ kpAp

tc

! "
¼ kNFC

tc

t0

ANFC

A
þ kp

Ap

A

! "
(2)

where tc is the compressed thickness of the composite, t0 is the
uncompressed thickness of the composite, A is the area of the
composite, ANFC is the area of the aligned nickel fiber column
(NFC), Ap is the area of the polymer matrix, kp is the thermal con-
ductivity of the polymer, and
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Fig. 3 Optical microscope images of the aligned (top to bottom) nickel fiber–polymer composites under zero compressive
strain at nickel fiber volume fractions of 0.05 (a), 0.15 (c), 0.25 (e), and 0.35 (g ) along with fiber alignment measurements ((b),
(d), (f), and (h )), respectively. White lines in (a) highlight aligned fiber column axis.
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kNFC ¼
t0

ANFCRNFC
(3)

RNFC is calculated from

RNFC ¼ Rp þ RN þ Rb (4)

where Rp, RN, and Rb are the total thermal resistances of the poly-
mer, nickel, and interfacial boundary resistance at the
nickel–polymer interfaces within the fiber columns, respectively.
This model, and all following models, assumes one-dimensional
heat transfer, constant temperature boundary conditions on top
and bottom of the sample, constant properties, and neglects any
geometrical variation from Poisson’s effect as the composite is
compressed. For this nickel fiber–polymer column series model,
illustrated in Fig. 5(c), we used image processing to roughly

estimate that 99% of the column length is occupied by nickel
(kN¼ 90 W m"1 K"1 [41,42]), while the remaining 1% is occu-
pied by the polymer (kp¼ 0.360.03 W m"1 K"1, 95% confidence
interval). We derived these geometrical estimates by drawing
lines on top of aligned nickel fiber columns in the cross-sectional
images and used ImageJ to measure the length of distinct polymer
junctions between nickel fibers along that line, resulting in an esti-
mate of 1.260.6 % (6 8% confidence interval) of the line being
occupied by the polymer. This value has a measurable effect on
the calculated thermal conductivity of the composite, with a
change in the thickness of the polymer in the calculations from
1% of the total column length to 0.5% and 1.5% resulting in a
change in thermal conductivities of the uncompressed composite
from 1.2 W m"1 K"1 to 1.6 and 1.0 W m"1 K"1, respectively.
Since in our simple models we are using a highly idealized
nickel–polymer–nickel gap geometry that does not account for

Fig. 4 (a) Fill volume fraction, /, versus the thermal conductivity enhancement over that of the matrix material
for aligned (jj) and unaligned nickel particles, nickel fibers, and nickel platelets. Data for the nickel particles*
and nickel platelets** are taken from Refs. [33] and [34], respectively. (b) Measured thermal conductivity for
aligned and unaligned nickel fibers in the polymer matrix at various /. Nickel fiber measurements are at low
strain (!< 0:05).

Fig. 5 Measured (points) and theoretical (lines) values for (a) thermal conductivity and (b) thermal resistance at a nickel fiber
volume fraction of 0.05 as compressive strain increases; and (c) a simple resistance network at the junction between two
aligned nickel fibers in the polymer matrix. Inset (a) (bottom) shows a schematic illustrating the transition from parallel to
series heat conduction (see Fig. S4 which is available under the “Supplemental Materials” tab for this paper on the ASME Digi-
tal Collection, for a more detailed schematic) that is the basis for the theoretical model for the dashed line that more closely
fits the measured values in both (a) and (b) and inset (b) shows optical microscope images supporting the schematic in inset
(a) (bottom). Inset (a) (top) shows a schematic for the theoretical model on which the line well above the measured values in
(a) and well below the measured values in (b) is based.
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any three-dimensional geometrical imperfections (e.g., fiber mis-
alignment, partial overlapping, etc.), we use the representative
rounded-down value of 1% within the models. Use of this value is
validated by matching of the calculated and measured thermal
conductivity of the uncompressed composite of 1.2 W m"1 K"1.
To calculate this value, we also had to set Rb, which, overall, has
a minor effect on thermal conductivity of the composite. Specifi-
cally, we set Rb to 1.7 ! 10"5 m2 K W"1. Such values are typical
if little to no effort is taken to achieve a chemically clean interface
between particles and matrix [2,43]. We note that in our definition
of Rb, it corresponds to the sum over all interfaces in the fiber col-
umn. Since there are five to six fibers with 0.25 mm height in the
1.5 mm thick samples, there are about ten such interfaces per col-
umn. Thus, the per interface Rb

0 illustrated in Fig. 5(c) is
1.7 ! 10"6 m2 K W"1, corresponding to the middle of the 10"5 to
10"7 m2 K W"1 range applicable for metal particle-laden compo-
sites. With these parameters, the thermal conductivity for the
aligned NFCs is estimated at 18 W m"1 K"1. Decreasing Rb to
5! 10"6 m2 K W"1 results in a NFC thermal conductivity of 21
W m"1 K"1 and a minor increase of the composite thermal con-
ductivity to 1.3 W m"1 K"1. Thus, while Rb is incorporated in this
model, its effect on the composites’ thermal conductivity is small.

The trend line that lies well above the data in Fig 5(a) and well
below the data in Fig 5(b) shows the predicted change in the thermal
conductivity and resistivity, respectively, of the composite at
/¼ 0.05 as compressive strain increases using the basic parallel
resistance model. This model reproduces the experimentally
observed decreasing trend in thermal conductivity, but fails to
account for the extent of degradation on the thermal conductivity at
high strain. It also fails to capture the trend of increasing thermal
resistance at high strain. We note that the discrepancy between

experimental and predicted trends (decreasing/decreasing in Fig.
5(a) versus increasing/decreasing in Fig. 5(b)) stems from our model
definitions. Specifically, both the parallel model of k in Eq. (2) and
the corresponding parallel composite resistance model, tc=kA,
decrease as the sample is compressed. Similarly, compression of the
sample should comparably decrease the thermal conductivity of the
sample calculated from the measured thermal resistance and sample
thickness (see Eq. (1)). However, the measured thermal resistance
does not explicitly incorporate the sample thickness and, conse-
quently, can either decrease or increase during compression.

As illustrated in the lower inset in Fig. 5(a), the discrepancy
between the experimental data and the basic parallel resistance
model could stem from a gradual transition of the mode of heat
transfer from purely parallel heat conduction to a mixture of paral-
lel and series conduction. This transition from parallel to series
conduction is caused by the nickel columns bending out of paral-
lel with the temperature gradient. From this observed behavior, it
is assumed that the transition from parallel to series heat conduc-
tion can be scaled with increasing strain and modeled by

kparallelþ series ¼ kparallel 1" !ð Þ þ kseries! (5)

where kparallel is given previously in Eq. (2) and

kseries ¼
tc

A

1

/Ntc

kNFCA
þ

/ptc

kpA

0

BB@

1

CCA
¼ 1

/N

kNFC
þ

/p

kp

0

BB@

1

CCA
(6 )

where /N and /p are the volume fraction of nickel and polymer
matrix, respectively. The calculated thermal conductivity and

Fig. 6 (a) Measured thermal conductivity, (b) ratio of compressed thermal conductivity to uncompressed thermal conductiv-
ity, (c) measured thermal resistance, and (d) ratio of compressed thermal resistance to uncompressed thermal resistance for
various nickel fiber volume fractions and increasing compressive strain, !
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thermal resistance from this model are shown by the lighter
dashed line that more closely fits the data in Figs. 5(a) and 5(b),
respectively, for /¼ 0.05. This model more accurately represents
the unique thermal degradation of these aligned composites under
strain and matches fairly well with the experimental values.

Although this hybrid parallel/series model fits our data, there
are additional factors that may contribute to the increased thermal
resistance under strain. As the aligned nickel fiber columns
buckle, the interface between two fibers suffers from localized
strain. This localized strain can increase the thermal resistance at
the interface by either geometrical changes of the polymer filled
gap, Rp, or by an increase in interfacial boundary resistance
between metal and polymer, Rb. An increase in either of these
resistances will increase the resistance at the interfaces, RI (illus-
trated in Fig. 5(c)) further increasing the resistance of the compos-
ite as a whole.

The composites with / ¼ 0.15 show a similar trend to those
with / ¼ 0.05, decreasing k and increasing R as strain increases,
but / ¼ 0.25 and 0.35 do not follow this trend. Specifically, the
plots in Fig. 6 show the measured thermal conductivity and ther-
mal resistance for various / with both aligned and unaligned
nickel fibers. For composites with / of 0.25 and above, increasing
strain increases k and decreases R. These trends stem from the pre-
viously discussed composite microstructure evolution during mag-
netic alignment and buckling of nickel fiber columns under
compression. Specifically, compression only increases thermal
resistance of samples with filler volume fraction appreciably
below the packing limit, for which exposure to the magnetic field
resulted in aligned nickel fiber column formation. The fiber col-
umns, in turn, buckle under compression, leading to gradual deg-
radation of thermal properties from mixing of parallel and series
heat conduction modes.

Conclusions

Magnetic alignment of nickel fibers with an aspect ratio of 7 in
a soft polymer matrix more than triple the directional thermal con-
ductivity over unaligned fibers at /¼ 0.15, more than a 7!
increase in thermal conductivity over the polymer matrix. Aligned
nickel fibers have a higher increase in directional thermal conduc-
tivity over the matrix thermal conductivity than aligned spheroid
nickel particles, but not as high as aligned nickel platelets. At
/¼ 0.05 and 0.15 with aligned fibers, there is more than a 10%
increase in thermal resistance as the composite is compressed.
This increase in resistance is caused by a transition from purely
parallel heat conduction at ! ( 0 between aligned nickel columns
and the polymer matrix to a combination of parallel and series
heat conduction scaled with strain.

The increase in thermal resistance as the composite is com-
pressed highlights a potential pitfall when using fill material align-
ment to increase soft composite thermal conductivity. Many soft
composites are put under strain for standard operations and must
perform well under those circumstances. Thermal interface mate-
rials, for example, are put under a set and constant load when
installed, and then undergo further fluctuations in strain as the
neighboring components undergo thermal cycling. Thus, the
increase in thermal resistance with strain in aligned soft compo-
sites must be considered when designing TIMs for these
applications.
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Nomenclature

A ¼ area
k ¼ thermal conductivity

NFC ¼ nickel fiber column
R, Rth ¼ thermal resistance

Rb ¼ cumulative thermal boundary resistance at all nickel-
polymer interfaces in an aligned NFC

Rb
0 ¼ thermal boundary resistance at the interface between a

single fiber and the polymer matrix in the interface
between two fibers in a NFC

RI
0 ¼ resistance at the interface between two nickel fibers in a

NFC
Rp
0 ¼ thermal resistance of the polymer between two nickel

fibers in a NFC
tc ¼ compressed thickness
! ¼ compressive strain
/ ¼ fill volume fraction

Subscripts

N ¼ nickel
NFC ¼ nickel fiber column

P ¼ polymer
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ABSTRACT: Room-temperature liquid metals (LMs) are
attractive candidates for thermal interface materials (TIMs)
because of their moderately high thermal conductivity and
liquid nature, which allow them to conform well to mating
surfaces with little thermal resistance. However, gallium-based
LMs may be of concern due to the gallium-driven degradation
of many metal microelectronic components. We present a
three-component composite with LM, copper (Cu) micro-
particles, and a polymer matrix, as a cheaper, noncorrosive
solution. The solid copper particles alloy with the gallium in
the LM, in situ and at room temperature, immobilizing the LM and eliminating any corrosion issues of nearby components.
Investigation of the structure−property−process relationship of the three-component composites reveals that the method and
degree of additive blending dramatically alter the resulting thermal transport properties. In particular, microdispersion of any
combination of the LM and Cu additives results in a large number of interfaces and a thermal conductivity below 2 W m−1 K−1.
In contrast, a shorter blending procedure of premixed LM and Cu particle colloid into the polymer matrix yields a composite
with polydispersed filler and effective intrinsic thermal conductivities of up to 17 W m−1 K−1 (effective thermal conductivity of
up to 10 W m−1 K−1). The LM−Cu colloid alloying into CuGa2 provides a limited, but practical, time frame to cast the uncured
composite into the desired shape, space, or void before the composite stiffens and cures with permanent characteristics.
KEYWORDS: liquid metal, thermal conductivity, in situ alloying, polymer composite, thermal interface material, particulate filler,
copper, galinstan

1. INTRODUCTION
Thermal management of integrated circuits (ICs) has become
a limiting factor for transistor frequency, which has stalled
around a few gigahertz over the past decade.1,2 The large
thermal loads stem from extremely densely packed, nanometer-
sized features of modern ICs,2−4 which provide minimal
surface area for dissipation of the generated heat. This
limitation has motivated the development of novel materials
that can more efficiently conduct heat away from such
hotspots.
Thermal interface materials (TIMs) play an integral role in

dissipating heat away from ICs. Specifically, TIMs minimize
the thermal contact resistance between electronic packaging
components, such as processors and heat sinks, which stems
from air gaps formed by surface mismatches of the two mating
components. TIMs eliminate these air gaps by filling the
geometrical imperfections with materials that have a high
thermal conductivity (k). Some of the best performing
commercial TIMs consist of thin metal foils with moderately
low melting temperatures (Tmelt) such as indium (Tmelt = 157
°C, k ≈ 80 W m−1 K−1) or alloys such as SnBi (Tmelt = 138 °C,
k ≈ 20 W m−1 K−1).5,6 However, these relatively low melting
temperature materials have low mechanical compliance (as
compared to that of, for example, polymer composites), which

results in thermal fatigue in the IC because of the large
mismatch in coefficients of thermal expansion between IC
components.7,8 This issue, along with the higher temperature
required to melt and apply the indium and related films, makes
room-temperature liquid metals (LMs) attractive alternatives.
LMs have inherently good mechanical compliance because of
their liquid state at normal IC operating temperatures.
Although a TIM made up of an array of mercury

microdroplets has been described,9 the limit of 100 ppm of
mercury in any piece of electronic equipment (as dictated by
the European Union’s Restriction of Hazardous Substances
Directive10), as well as general toxicity concerns, discourages
the use of this metal. These limitations make gallium-based
eutectic alloys such as GaIn (Tmelt = 15.5 °C, k ≈ 32−39 W
m−1 K−1) or GaInSn (Tmelt = −19 °C, k ≈ 16−39 W m−1 K−1)
much more practical for use in a TIM.11−19 TIMs consisting of
such LMs are commercially available, and several methods
have been recently proposed to improve their thermal
properties and wettability.14,15

Received: October 17, 2017
Accepted: December 13, 2017
Published: December 13, 2017

Research Article

www.acsami.orgCite This: ACS Appl. Mater. Interfaces 2018, 10, 2083−2092

© 2017 American Chemical Society 2083 DOI: 10.1021/acsami.7b15814
ACS Appl. Mater. Interfaces 2018, 10, 2083−2092

www.acsami.org
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acsami.7b15814
http://dx.doi.org/10.1021/acsami.7b15814


One major concern with gallium-based LMs being used in
TIMs for ICs is the rapid gallium-induced degradation of many
metals used in IC packaging.20−22 This concern is particularly
severe with aluminum (one of the most common heat sink
materials), which becomes extremely brittle when exposed to
gallium.21 To prevent corrosion, the mating materials can be
modified through surface treatments (e.g., anodizing or
introducing a tungsten barrier layer23), but, alternatively,
gallium can be encapsulated and immobilized in a polymer
matrix. This encapsulation process also resolves so-called
pump-out issues, whereby voids (and correspondingly,
hotspots) are created when the liquid metal is squeezed out
from the gap during thermal cycling-induced device warping
(see illustrative images of liquid metal side-leakage under
minor compression in the Supporting Information, Figure S7).
To make polymers attractive as TIMs, thermally conductive

particles are commonly added as fillers to increase the
inherently low thermal conductivity of the matrix.24−28 While
the addition of many advanced materials such as carbon
nanotubes, graphene, metal nanowires, boron nitride, and
others has been recently investigated,1,29−37 the majority of
commercial TIMs rely on lower-cost ceramic or metal
additives such as silver flakes, alumina, and graphite.38,39 In
nearly all cases, however, the effective intrinsic thermal
conductivity of the composite, k, is limited by interface
thermal resistances. These interface thermal resistances exist
between the particles and the matrix and, when the percolation
threshold is crossed, between the particle−particle contacts.
Recent work has shown that k can be increased either by
decreasing the particle−particle resistance (e.g., by microwave
welding31,40) or by decreasing the number of interfaces
through the matrix (e.g., by alignment of long particles41−44).
Using LM as filler in a poly(dimethylsiloxane) (PDMS) matrix,
Bartlett et al.45 demonstrated that a high directional thermal
conductivity of up to 10 W m−1 K−1 can be achieved by strain-
induced spherical-to-cylindrical deformation of the microscale
LM inclusions. Unfortunately, surface leakage of LM is a
problem when composites with large LM inclusions45−47 are
cut or compressed (as with typical TIM applications). These
types of mechanical forces drive the LM out of the polymer

matrix (see Figure S5a in the Supporting Information) and
hence Ga-induced corrosion of adjacent materials is still a
concern.
In this work, we seek to simultaneously resolve the LM

leakage issue and enhance the thermal properties of the
composite by embedding both LM inclusions and copper (Cu)
microparticles in a polymer matrix. In these three-component
composites, the LM “glues” the copper particles together and
eventually solidifies via in situ alloying of the LM and Cu into
crystalline CuGa2. In other words, the presented filler material
system can be viewed as a solder that is molten at room
temperature but then solidifies via chemical reaction (as
opposed to freezing). We assert that this effect increases
percolation and improves thermal pathways through the
composite, thus increasing k, as well as immobilizing the LM
to prevent gallium-induced degradation of nearby components.
We investigate the structure−property−process relationship of
these three-component composites and discuss the physical
mechanisms underlying their performance.

2. EXPERIMENTAL SECTION
2.1. Composite Fabrication.We fabricated the three-component

composites using the procedure outlined by Fassler et al.46 and
Bartlett et al.45 In particular, we manually mixed together the GaInSn
LM (Rotometals), Cu microparticles (10 μm APS, Alfa Aesar), and
the poly(dimethylsiloxane) matrix (PDMS, Sylgard 184 with 10:1
base-to-curing agent ratio by weight) with mortar and pestle (see
Figure 1a). We then poured the mixture into an open silicon mold
and cured it in an oven (see Figure 1b). We controlled particle
dispersion using the mixing time. Because our goal was to maximize
the thermal conductivity of the composite, all samples were made at a
filler volume fraction of ϕ = 0.5, which is also the highest fraction
tested by Bartlett et al.45 We note that Jeong et al.48 made LM
nanodroplet−PDMS composites with ϕ up to 0.66; however, these
samples were, comparatively, very brittle. In our own attempts to go
higher than ϕ = 0.5, the samples became difficult to fabricate and
handle. Additionally, because copper is the most thermally conductive
constituent of our three-phase composites, we used the highest
practical fraction of the copper particles (i.e., 25% Cu, 25% LM, and
50% PDMS for the three-phase composites). We found that higher
than 25% Cu was difficult to fully manually premix into the LM.

Figure 1. Schematic demonstrating the (a) difference between sequential mixing and premixing of liquid metal (LM) and copper microparticles
(Cu) prior to blending into the PDMS matrix and (b) remaining fabrication procedure consisting of molding and curing.
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The casting mold consists of top and bottom silicon wafers with
glass slide spacers that determine the sample thickness (see Figure
1b). To maintain contact between the silicon wafers and the glass
spacers, which will ensure a constant thickness throughout the sample,
we placed two 200 g weights on top of the mold assembly for the
duration of the cure. All samples in this work were about 2 mm thick
prior to compression during the thermal transport measurement. All
samples were cured in an oven (Fisher Scientific Isotemp 280A) at
100 °C for 2 h.
We used two approaches to combine the LM and Cu additives with

the PDMS matrix. We either sequentially mixed the additives into
PDMS (LM followed by Cu) or premixed the LM and Cu together
prior to dispersing them in PDMS, as illustrated in Figure 1a. The
sequential additive mixing method results in predominantly isolated
microfillers with minimal LM−Cu interactions. Conversely, the
additive premixing method ensures maximal interaction between the
LM and Cu. This method produces initially heterogeneous LM−Cu
particles that spontaneously alloy into CuGa2 over time and in situ.
2.2. Composite Characterization. We imaged the morphology

of the composites using high-magnification optical microscopy (Zeiss
Axio Zoom.V16) with an objective lens of 2.3×/0.57 FWD and 10.6
mm focal length (Zeiss PlanNeoFluar Z) as well as scanning electron
microscopy (SEM) (Amray 1910 with field emission gun). Because of
the microscopic size of the particles and ease of their differentiation
through color, optical imaging of the polymer composites proved to
be much more insightful than SEM images. Consequently, we present
optical images of the polymer composite samples. For characterization
of solidified LM−Cu alloy cross sections, which were mirror-polished
using standard procedures,49 we utilized SEM imaging as well as
energy-dispersive X-ray (EDS) mapping (performed with electron
beam energy of 15 keV and spot setting of −15 using an EDAX
Apollo detector with Genesis software). X-ray diffraction (XRD) was
performed using a PANalytical X’Pert PRO MRD with a Cu Kα X-ray
source operating at 40 kV and 40 mA.
We used two image processing methods to quantify the extent of

filler dispersion in the samples. For the samples with microdispersed
spheroidlike fillers, we calculated an equivalent diameter, DEQ, to
evaluate particle size such that

π=D
A4

EQ
p

(1)

where Ap is the area of the particles as identified with ImageJ. For the
samples with strongly polydispersed LM−Cu fillers, however,
determination of an equivalent diameter was not representative
because of the highly random nature of the filler shapes.
Consequently, for these samples, we report the particle area
distribution (PAD). Furthermore, because the PAD is highly non-
Gaussian (a large number of particles with small areas and a few
particles with very large areas), we present the PAD in cumulative
terms. Specifically, the cumulative particle area distribution corre-
sponds to the summation of the particle areas, sorted from the
smallest to the largest, up to a given area value. The distribution is
normalized by the total cumulative area. As a representative measure
of the cumulative particle area, we used the 50 percentile (referred to
as PAD50%). For each sample, we analyzed 8−10 images of the surface
at various locations and separated filler from matrix through manual
thresholding.
We measured the thermal resistance of the samples using a

stepped-bar apparatus (SBA),50,51 which is based on the ASTM
D5470 standard52 for measuring the thermal resistance of thin
materials. Our custom SBA includes a linear encoder and a load cell
that measure sample thickness and pressure, respectively, during
thermal resistance measurements. Figure S1a in the Supporting
Information illustrates the measurement principle of the ASTM
D5470 method. Measuring thermal conductivity fundamentally
requires applying a known heat flux to a sample of known geometry
and then measuring the temperature drop across the sample. In this
method, a steady-state temperature gradient across the sample is
created using a heat source and a heat sink. The sample is placed

between two metallic reference bars of known cross-sectional area and
thermal conductivity. To minimize errors from misalignment, the top
bar has a larger cross section than that of the bottom bar.50 The
temperature distribution in the reference bars (measured via
thermocouples in precision-machined holes along the reference bar
lengths) is then used to measure the heat flux, q, in the bars. Because
the system is well insulated, the measured heat flow through the bars
is equal to the measured heat flow through the sample. Extrapolating
the temperature distributions of the reference bars to the bar−sample
interfaces allows the temperature drop across the sample, ΔT, to be
determined. The measured thermal resistance, Rth, across the sample
is then obtained with

= ΔR T
qth

(2)

This thermal resistance represents the summation of the sample’s
intrinsic thermal resistance, Rs, as well as the thermal contact
resistance, Rc, between the sample and the reference bars (note that
Rc is the sum of two contact resistances, the contact resistance
between the top reference bar and the top of the sample, and the
contact resistance between the bottom reference bar and the bottom
of the sample). The samples are under pressure during thermal
resistance measurements to minimize Rc, which will bring keff closer to
the true k of the composite. Various loads are used to gauge sample
properties, but the target pressure for the results of this study is 1.5
MPa, which is near the high end of the pressure range applicable to
electronic cooling.32

The measured thermal resistances, Rth, can be converted into
intrinsic thermal conductivity values if the sample thickness, tc, and
the sample contact resistance, Rc, are known. We obtained the sample
thickness during our measurements via the linear encoder that is
integrated into our stepped-bar apparatus thermal transport measure-
ment system. We also estimated Rc of our samples by measuring the
thermal resistance of several samples with varying thicknesses and
extrapolating to zero thickness. We estimate the values for Rc to be
approximately 1.2 × 10−4 and 8 × 10−5 m2 K W−1 at 1.5 MPa for well-
dispersed samples and less-dispersed samples, respectively. The single-
side contact resistance, Rc/2, (4 × 10−5 m2 K W−1) is comparable to
that of Si−Al interfaces at the same pressure (2 × 10−5 m2 K W−1).53

With Rth and tc known, the effective thermal conductivity can be
calculated by

= = +k
t

R
t

R Reff
c

th

c

c s (3)

This effective thermal conductivity includes the combined effects of
the intrinsic sample resistance and the sample contact resistance.
Consequently, the effective thermal conductivity is smaller than the
intrinsic sample thermal conductivity. However, strictly speaking, we
cannot describe our samples with a single intrinsic thermal
conductivity value because many of our samples are heterogeneous
with large inclusions of several hundred microns in size.
Consequently, we describe them with an effective intrinsic thermal
conductivity, k,̅ of the composite, which can be calculated via the
following equation

=̅ −k
t

R R
c

th c (4)

Because of the Mullins effect of PDMS,54 which results in a change or
relaxation of the modulus between the first and second loadings, each
sample is measured only once and only with increasing pressure. We
estimate that the overall measurement uncertainty in keff ranges from
4 to 6% (68% confidence). Additional uncertainty arises as the
thermal conductivities of the sample and reference bars become more
similar, and this corresponds to the higher end of the previously
mentioned uncertainty range. We validated our thermal conductivity
measurements against literature results on PDMS−liquid metal
composites45,48 (see Figure S1b in the Support Information). Our
measured PDMS thermal conductivity of 0.27 ± 0.01 W m−1 K−1 also
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matches well with the thermal conductivity stated by the
manufacturer (Sylgard 184), 0.27 W m−1 K−1.55

We also conducted a limited set of mechanical measurements.
Specifically, we performed compressive relaxation tests on an
INSTRON 5969 mechanical tester. Composites with large LM−Cu
colloids have comparable properties to those of composites with 10
μm copper particles embedded in the PDMS matrix. Further details of
the procedure and results of the mechanical tests can be found in the
Supporting Information.

3. RESULTS AND DISCUSSION
3.1. LM−Cu Colloid and Alloy Characterization. Prior

to discussing thermal properties of the polymer composites, we
first discuss our material characterization of the LM−Cu
colloid and CuGa2 formation. Formation of the latter
compound is thermodynamically favorable at room temper-
ature, as illustrated in the Cu−Ga phase diagram,56,57 and
likely kinetically facilitated by the liquid state of the Ga in the
LM. Indeed, X-ray diffraction (XRD) spectra presented in
Figure 2 directly confirm CuGa2 formation. In fact, Figure 2c
shows that CuGa2 diffraction peaks can be observed in as little
as 30 min after mixing the Cu and LM together. Continual
formation of CuGa2 is also observed as the intensity ratio of
the CuGa2 peaks relative to the Cu peaks increases over time
(Figure 2c−f). Extraction of Ga from the LM is also indirectly
observed via the appearance of an In diffraction peak at 33.0°
at 46.75 h (Figure 2f). This diffraction peak indicates the
formation of crystalline In, which results due to LM
solidification (i.e., extracting Ga from the LM changes the
LM elemental composition and increases the melting temper-
ature to above room temperature). Although this in situ
alloying process is favorable from the perspective of
immobilizing Ga and preventing damage to neighboring IC
components, it also limits the time frame for shaping and
molding the composites.58 Markedly, mixing LM and Cu
particles at a 1:1 ratio exhibits notable signs of hardening from
CuGa2 formation in under an hour, as observed in this study
and by Hong and Suryanarayana.59

Because we are using a 50:50 ratio of Cu/LM, excess Cu
remains after the formation of CuGa2. This is evidenced by the
presence of both Cu and CuGa2 peaks in the XRD patterns.
The In content in the LM is also revealed via the formation of
the diffraction peak at 33.0° (Figure 2f). The presence of Sn in
the LM is not directly detected by our XRD. This suggests that
the Sn signal is too weak (the Sn content in our Cu/LM
composite is just ∼3.5 atom %) or that Sn has dissolved/
alloyed into one of the other metallic phases. Note that the
colocation of Sn and In in the SEM EDS mapping (Figure
2m,n) suggests that Sn may have alloyed with the In phase;
however, more precise characterization is needed to definitely
confirm this hypothesis.
We used optical and SEM imaging as well as EDS mapping

of the mirror-polished LM−Cu colloid cross section after full
alloying occurred to evaluate the spatial distribution of CuGa2
when Cu particles are mixed into LM at a 50:50 ratio. The
results shown in Figure 2i−n clearly show that, at a 50:50 LM-
to-Cu mixing ratio, the colloid alloys into a CuGa2 matrix with
the In, Sn, and O content surrounding Cu microparticles.
Specifically, contrasting Cu and Ga distributions in Figure 2k,l
indicates that Cu is mixing with the LM to form CuGa2 in the
space between pure Cu particles.
It is also important to acknowledge the effect of gallium

oxide on the fabrication and performance of these composites.
The LM−Cu colloids and all composites in this study were
made in the presence of air, without any attempt to prevent
LM oxidation. Gallium oxide forms readily on the surface of
gallium-based LMs when exposed to even trace amount of
oxygen and changes three main properties of the LM: viscosity,
thermal conductivity, and wetting properties.15,60,61 Specifi-
cally, when gallium oxide is present in the LM, the thermal
conductivity of the resulting colloid (LM−solid oxide) is
significantly decreased,14,15,19 the viscosity significantly in-
creased,19,62 and the wetting properties are generally
improved.11,14,63,64 However, Li et al.15 demonstrated that
when Cu particles at ϕCu = 0.07 are added to LM in the
presence of oxygen (i.e., with oxide formation), the effective

Figure 2. X-ray diffraction patterns of (a) Cu powder diffraction file 00-004-0836; (b) as-received Cu microparticles; LM−Cu mixtures (50:50
ratio) at (c) 0.5 h, (d) 3.25 h, (e) 19.5 h, and (f) 46.75 h after mixing; (g) CuGa2 powder diffraction file 00-025-0275; and (h) In powder
diffraction file 00-005-0642. An optical image (i) and a SEM image along with energy-dispersive X-ray spectroscopy (EDS) elemental maps (j−n)
of a mirror-polished cross section of Cu particles mixed in LM at a 1:1 ratio 5 months after mixing.
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thermal conductivity of the colloid (LM with solid oxide and
Cu which alloys into CuGa2) is near that of pure LM. Taking
into account that we use ϕCu = 0.5 in the LM colloid, the effect
of oxide on the resulting thermal properties should be
negligible. The Cu particles are likely well wetted by LM
predominantly due to reactive wetting (via in situ alloying),65

and not only by oxide formation. The oxide, however, forms on
the surface of the colloid during blending into PDMS and
likely facilitates the dispersion process.61 It is also worth noting
that, despite being only 1−2 nm thick, the oxide shell is strong
enough to support free-standing LM structures66 and even
internal LM flow in pipes made out of oxide shells.67 However,
its presence is unlikely to have a major impact on mechanical
properties of the three-phase composites once the alloying
(i.e., solidification of the colloid) process occurs.
3.2. Thermal Properties of Composites with Micro-

dispersed Fillers.We first evaluated the thermal properties of
three-component composites with inclusion size distribution
comparable to that of two-component Cu-only and LM-only
composites. The images in Figure 3a show that the manual
blending process can produce uniformly microdispersed Cu-
only, LM-only, sequentially mixed LM−Cu, and premixed
LM−Cu filler in the PDMS matrix. The particle size
probability distribution plots in Figure 3b show that the
manual blending process can produce LM microdroplets with
DEQ = 8.6 ± 3.2 μm (68% confidence interval) and LM−Cu
particles with DEQ = 11.2 ± 2.8 μm (for premixed) and 9.3 ±
3.2 μm (for sequentially mixed) close to that of the Cu
particles (DEQ = 10.5 ± 1.5 μm). These probability
distributions are fit from particle size distributions of the
well-dispersed samples, assuming normal distributions (see
Figure S2 in the Support Information). Because the particle
distributions are similar in average size, the difference in the

thermal conductivity of the composites should theoretically be
predominantly determined by the thermal properties of the
constituents and their volume fractions.
To predict the thermal conductivity of our composites, we

start with the model as described by Tavangar69 and add in a
shape factor, L, to adjust for ellipsoidal LM inclusions when
under load. The Tavangar model is a differential effective
medium (DEM) scheme that accounts for interface thermal
resistance between particles and the matrix and is fairly
accurate at high-volume-fraction filler.69,70 The Tavangar
model is given as

ϕ− =
+ −
+ −

k k k R ak ak

k k k R ak ak
1

( ) ( )

( ) ( )

L

L
m p c b c p

c p m b m p (5)

where L is the shape factor and is equal to 1/3 when the filler
particles are spherical, kp is the thermal conductivity of the
particles or inclusions, km is the thermal conductivity of the
matrix, kc is the thermal conductivity of the composite, Rb is
the interface thermal resistance, a is the radius of the particles
(see the Supporting Information for the values of our specific
inputs into the Tavangar model). Because the Tavangar model
considers only composites with two components, we
sequentially applied the Tavangar model for our composites
with three components. More specifically, for our composites
with PDMS, Cu, and LM, we first used the Tavangar model to
calculate the thermal conductivity of a composite consisting of
LM particles in a PDMS matrix, kLM−PDMS. We then considered
a composite consisting of Cu particles in a matrix and used
kLM−PDMS as the matrix thermal conductivity, km, to yield the
overall thermal conductivity of a Cu−LM−PDMS composite.
Calculating kc by adding LM into a Cu−PDMS matrix results
in the same value as that obtained on adding Cu into a LM−

Figure 3. (a) Optical images of Cu-only PDMS, sequentially mixed LM−Cu−PDMS, premixed LM−Cu−PDMS, and LM-only PDMS composites
at ϕ = 0.5 with comparable inclusion size distributions, (b) plot of the particle size distributions where DEQ is the equivalent diameter based on the
particle and inclusion areas from image particle analysis, and (c) plots of the measured and theoretically predicted two-component and three-
component composite thermal conductivities including literature data from Bartlett et al.45 and Tekce et al.68
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PDMS matrix, but the latter sequence is used because it is the
sequence whereby the actual samples are made.
Figure 3c shows measured and theoretically predicted values

of kc for the two-component and three-component composites
as the ratio of LM to Cu is varied and ϕ is held constant at 0.5
(i.e., 50% PDMS and the other 50% is a ratio of LM and Cu).
As predicted, the three-component composites have thermal
conductivities in between 2.0 ± 0.1 W m−1 K−1 for the Cu-only
PDMS composite and 1.5 ± 0.1 W m−1 K−1 for the LM-only
PDMS composite. Specifically, the sequentially mixed and
premixed LM−Cu−PDMS composites both have thermal
conductivities of 1.65 ± 0.15 W m−1 K−1. All of the measured
composite thermal conductivities with well-dispersed fillers are
about an order of magnitude higher than those of the matrix
material (0.27 ± 0.01 W m−1 K−1) and are comparable to
previously described results.45,68 These results demonstrate
that increasing the thermal conductivity of the filler particles
has diminishing returns. In particular, a 14-fold change in the
thermal conductivity of the filler from 28 W m−1 K−1 for LM to
400 W m−1 K−1 for Cu results in only about a 1.3-fold increase
in the thermal conductivity of the composite. Thus, substantial
thermal conductivity enhancements can only be achieved by
increasing the polymer thermal conductivity and/or improving
the interfacial thermal transport (i.e., decreasing the number of
interfaces and/or decreasing the thermal interface resistance).
3.3. Thermal Properties of Premixed Three-Phase

Composites. Premixing the Cu particles into bulk LM
provides a unique opportunity to enhance the composite
thermal conductivity by decreasing the number of filler−
PDMS boundaries via different levels of the LM−Cu colloid

dispersion. Figure 4a shows that, by adjusting the manual
blending time of the LM−Cu colloid into PDMS, we achieved
dramatically different morphologies of the inclusions. In
particular, decreasing the mixing time from 300 s (used for
the microdispersed composites) to ∼20−30 s results in a broad
particle distribution with feature sizes ranging from a few
microns to hundreds of microns. To quantify the filler
dispersion in these samples, we used image processing to
evaluate the particle cluster area distributions as described in
Section 2.2. Figure 4b shows the normalized cumulative cluster
area distributions corresponding to the example sample images
in Figure 4a. In turn, Figure 4c presents the effective thermal
conductivities of premixed LM−Cu−PDMS composites
against their 50th percentile normalized cumulative cluster
area distribution achieved through varied mixing times (see
Section 2.2 for the reasoning behind the use of this distribution
characteristic). These results demonstrate that retaining large
fill structures within the matrix enhances thermal performance
up to an effective thermal conductivity of 10 ± 0.6 W m−1 K−1

(or an effective intrinsic thermal conductivity of k ≈̅ 17 ± 3 W
m−1 K−1 if Rc is accounted for; see Figure S3 in the Supporting
Information). One limitation to this work is that, although
samples with such high thermal conductivity were repeatedly
fabricated, it is difficult to fabricate them consistently because
of variability associated with the short manual mixing time (we
frequently observed a keff ≈ 4−8 W m−1 K−1 for a short mixing
time). These inconsistencies could be resolved by replacing the
simple mortar and pestle mixing method outlined by Fassler et
al.46 and Bartlett et al.45 with an alternate automated process.

Figure 4. Premixed Cu−LM−PDMS composite structure−property−process results: (a) optical images of composites at 25% Cu, 25% LM, and
50% PDMS going from uniformly microdispersed on the left to highly polydispersed on the right, with their respective effective thermal
conductivities; (b) normalized cumulative area distributions with indication of the 50th percentile (PAD50%) utilized to characterize each
distribution; (c) effective thermal conductivity against the PAD50% along with theoretical upper (green) and lower (red) bounds based on filler
dispersion: from a block of CuGa2 in parallel to a block of PDMS to microdispersed LM + Cu in PDMS.
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All of the thermal conductivity data in Figure 4c falls
between the lower bound of uniformly microdispersed
particles (keff ≈ 2 W m−1 K−1) and the upper bound of a
two-part composite with 50% PDMS and 50% CuGa2 (k = 98
W m−1 K−1)71 blocks arranged in parallel (keff ≈ 16 W m−1

K−1, accounting for Rc of the same magnitude seen with our
samples), as shown in the top left of Figure 4c.
We hypothesize that the thermal conductivity increase stems

from two key factors: (i) the small thermal interface resistance
of metal−metal interfaces with respect to that of the polymer−
metal interfaces and (ii) the increased likelihood of percolation
for large colloids relative to that for small colloids (i.e., the
polydispersed colloids and well-dispersed colloids in this work,
respectively). A review of the literature reveals that typical
polymer−metal interfaces have thermal interface resistances of
10−6−10−7 m2 K W−1, whereas typical metal−metal interfaces
are several orders of magnitude lower (e.g., 2.5 × 10−10 m2 K
W−1 for an Al−Cu interface).36,37,72 Consequently, we expect
thermal transport through our CuGa2−Cu interfaces to be
orders of magnitude better than the transport through
polymer−CuGa2 or polymer−Cu interfaces.
It is also useful to analyze these numbers in the context of

Kapitza lengths, LK = TBR× kref, where LK, TBR, and kref are
the Kapitza length, thermal boundary resistance, and reference
thermal conductivity, respectively.73 The Kapitza length relates
the thermal boundary resistance to an equivalent slab of
material with a thickness and thermal conductivity equivalent
to LK and kref. For example, a typical polymer−metal interface
with TBR = 1 × 10−7 m2 K W−1 poses a resistance equivalent
to about 10 μm of CuGa2 (kCuGa2 = 98 W m−1 K−1).71 This
value is significant because it is comparable to the 10 μm
diameter of our well-dispersed particles (Figure 3b).
Furthermore, considering that each particle has two heat
transfer interfaces (i.e., going into and leaving the particle),
thermal transport through the filler particles is bottlenecked by
thermal transport through the polymer−particle interface.
Relative to a polymer−metal interface, a typical metal−metal
interface with TBR = 1 × 10−10 m2 K W−1 poses a resistance
equivalent to ∼0.01 μm of CuGa2, which is negligibly small.
This means that the internal Cu−CuGa2 interfaces within our
large LM−Cu colloids can be ignored and that these large
colloids can be thought as large single particles with thermal
conductivities on the order of 102 W m−1 K−1. This high
thermal conductivity should also allow these large particles to
effectively short circuit around the low-thermal-conductivity
PDMS (kPDMS = 0.27 W m−1 K−1).
We also hypothesize that the larger size of our polydispersed

colloids with respect to that of our well-dispersed colloids (i.e.,
characteristic lengths of ∼100 and ∼ 10 μm, respectively) also
plays a key role with respect to increased thermal conductivity.
The classical percolation theory focuses on the probability of
forming an infinite network in an infinite lattice. Naturally,
such conditions are never perfectly achieved in the lab.
Percolation studies on finite systems have shown that the
percolation threshold decreases as a system becomes more
finite.74 This suggests that our larger colloids should more
easily percolate than our smaller colloids. This is intuitive given
our sample thickness, large colloid effective diameter, and small
colloid effective diameter of ∼2 mm, ∼100 μm, and ∼ 10 μm,
respectively. To a first approximation, percolation for our large
colloids is a 20-body interaction and should be significantly
more common than percolation for our small colloids, which is

a 200-body interaction. Moreover, the thermal conductivity of
the large colloid samples should also be improved because the
thermal conductance for a percolating thread formed by ∼100
μm particles should be significantly larger than the thermal
conductance for a percolating thread formed by ∼10 μm
particles.

3.4. Ga Leakage and Corrosion Issues. Another benefit
of the in situ CuGa2 formation is that it immobilizes Ga,
preventing any liquid leakage and associated corrosion of
surrounding metals. This characteristic makes our composites
safe to use with aluminum heat sinks and other metal
components. Figure 5 shows a premixed composite sample pad

after 40 h of being sandwiched between aluminum foil at 55 °C
and 3 MPa (a) next to aluminum foil that was exposed to a
drop of LM at room temperature for 24 h with no applied
pressure (b, c). No macroscopic corrosion of the aluminum
foil occurs with the premixed composite samples. Furthermore,
to demonstrate that our samples can be applied with LM−Cu
in the colloidal state, we cured a three-component sample in
between two pieces of aluminum foil for 2 h at 100 °C (see
Supporting Information). As in the previous case, we did not
observe any evidence of corrosion of the aluminum foil. These
results indicate that the affinity of Ga to Cu is sufficient to
prevent Ga from leaching from the polymer and reacting with
Al. Thus, the three-component composites should be safe to
cure in place next to aluminum components.

4. CONCLUSIONS
Our work demonstrates that gallium-based LMs have a great
potential as filler in polymer TIMs once their leakage, and
associated degradation of nearby components, is resolved. We
showed that adding Cu particles as a third component to LM−
polymer composites improves the chemical stability and
effective thermal conductivity of the material over either
two-component counterparts. The addition of Cu eliminates
LM leakage from the composite via in situ CuGa2 formation as
well as by displacing the overall content of LM needed to
achieve enhanced thermal conductivity. The formation of
CuGa2 is sufficiently slow to cast or mold this composite into
any desired shape or void but fast enough to inhibit leaching of

Figure 5. (a) 25% LM, 25% Cu, 50% PDMS sample made using the
premixed method after being sandwiched between aluminum foil at
55 °C and 3 MPa for 40 h, (b) GaInSn on aluminum foil after 24 h at
room temperature, and (c) the hole it corroded through the
aluminum.
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Ga to surrounding metals during the molding process. We note
that, if found necessary, the rate of CuGa2 formation could be
altered through change of the sample processing temperature.
Prevention of Ga leaching makes these composites safe to use
with aluminum IC components.
Synergistically, the LM helps to glue or solder the Cu

particles together forming LM−Cu colloids. The precoating of
the Cu particles with LM facilitates the formation of large
highly conductive filler structures that can more readily
percolate and thermally short circuit through the polymer
matrix. This leads to effective intrinsic thermal conductivity of
up to 17 W m−1 K−1 (keff ≈ 10 W m−1 K−1) and represents a
10-fold improvement over the microdispersed composites with
the same filler ratio and a 70-fold improvement over the
polymer matrix itself.
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cross-linked polymer matrix (i.e., a TIM 
“pad”) or grease. The resulting composite  
thermal conductivity (kc) of the TIM is 
typically up to an order of magnitude 
higher than the base material (e.g., up to 
2 W m−1 K−1 vs 0.2 W m−1 K−1). However, 
as transistor density has increased over 
the last decade, TIMs persist as a major 
thermal bottleneck in the thermal man-
agement of modern ICs.[3,4] Consequently, 
considerable research effort is dedi-
cated to improving thermal performance 
of TIMs.

The thermal conductivity of TIM 
composites is traditionally improved 
by increasing the particle thermal con-
ductivity (kp) and the overall particle 
volumetric fraction (φ).[5–8] The most signif-
icant improvements to kc are achieved by 
increasing φ to well above the percolation 
threshold (φp, typically around φp = 0.3 for 
spheroidal particles).[9–11] Unfortunately, 
increasing the particle volume fraction to 
φ ≥  0.5 in TIM pads, where significant  
kc enhancements are made, also stiffens 
the composite.[12] This produces undesir-
able effects for microelectronics pack-

aging applications, including increasing Rc at the surface 
of the TIM.[2] Recent advances have shown that using liquid 
metal inclusions in a polymer matrix can prevent composite 
stiffening, however, very high φ along with additional pro-
cessing that elongates the inclusions is required to achieve 
notable thermal conductivity.[12–15]

Percolation can be enforced at φ ≪ φp by imposing a mag-
netic field on an uncured polymer composite with magnetically 
permeable fill particles. This simple and cost-effective process 
creates composites with highly anisotropic electrical and 
thermal conductivities that are significantly enhanced along the 
direction in which the particles are aligned.[15–20] For example, 
magnetically aligning spherical nickel particles in a polymer 
matrix provides a twofold improvement for kc in the direction 
of particle alignment.[22,23] Furthermore, aligning particles with 
higher aspect ratios provides an even higher enhancement to 
kc—up to three- and fourfold for particles with aspect ratios 
between 7 and 20.[24–27]

The direct contact between particles in these percolating 
networks decreases the interfacial thermal boundary resistance 

Despite major advancements in the performance of thermal interface 
materials (TIMs), contact resistance between components persists as 
a major thermal bottleneck in electronics packaging. In this work, the 
thermal performance of composite TIMs is enhanced through a synergistic 
coupling of magnetic alignment and engineered particle coatings that 
reduce the thermal resistance between particles. By itself, magnetically 
induced percolation of nickel particles within a cross-linked silicone matrix 
doubles the thermal conductivity of the composite. This process significantly 
increases contact between particles, making the interfacial particle–particle 
resistance a major contributor to the composites thermal performance. 
The resistance at these interfaces can be reduced by introducing soft metal 
(silver) or liquid metal coatings onto the nickel particles. Compressing 
powder beds of these hybrid particles reveals that, dependent on coating 
thickness, the contact engineering approach provides multifold increases in 
thermal conductivity at mild pressures. When dispersed in a polymer matrix 
and magnetically aligned, the coated particles provide a threefold increase 
in composite thermal conductivity, as compared to unaligned samples 
(up to nearly 6 W m−1 K−1 with volumetric fill fraction of 0.5). For equivalent 
coating thicknesses, silver coatings achieve better performance than liquid 
metal coatings.
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Interface Thermal Resistance

1. Introduction

Thermal interface materials (TIMs) significantly enhance 
the heat removal from integrated circuits (ICs) by filling  
in the air gaps that result from geometrical imperfections at 
mating component surfaces. This greatly reduces the thermal 
contact resistance (Rc) between electronic components and 
enables better heat transfer.[1,2] TIMs are typically compos-
ites that consist of a base material in which thermally con-
ductive particles are added. The base material is generally a 
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(Rb). This boundary resistance—also referred to as Kapitza 
resistance[28]—is widely responsible for the diminishing returns 
seen in kc when increasing kp (e.g., a kp increase from 20 to 
400 W m−1 K−1 with φ = 0.5 improves kc by only 25%).[12,28,29] 
Note that, while Rc and Rb are both resistances due to interfaces, 
these two parameters differ from one another. In this paper, 
we use Rc to describe the interface resistance between mac-
roscopic objects (e.g., electronic components in an IC) which 
is primarily due to imperfect physical contact. In contrast, 
we use Rb to describe the interface resistance between micro-
scopic objects within the TIM composite. Both particle–matrix 
(Rpm) and particle–particle interfaces (Rpp) contribute to Rb, 
but the limiting thermal boundary resistance shifts from Rpm 
to Rpp when significant percolating networks are established 
and particle–particle contact is significantly increased.[30] Fur-
thermore, Rpp can be reduced when using silver fill particles 
through welding or mechanical sintering.[31–36] These processes 
are enabled by the soft, nearly oxide-free silver surfaces and 
can lead to a 40-fold improvement in kc.[37–40] Liquid metal can 
also lower Rpp by “soldering” particles together and improving 
the contact at the particle–particle interfaces.[12,21,29]

In this work, we aim to significantly enhance the thermal 
performance of composite TIM pads with φ ≤ 0.5 through the 
synergistic coupling of magnetically induced percolation and 
reduction of Rpp with particle–particle contact engineering. To 
enable the combination of these two approaches, we use nickel 
particles with two types of coatings: silver and liquid metal. To 
provide insight into the performance of these coatings, we first 
study the thermal resistance of bare nickel and coated nickel 
particle beds during compression. Next, we fabricate polymer 
matrix composites with a wide range of process parameters 
and quantify thermal conductivity enhancements that can be 
achieved through magnetic alignment and particle coating. 
Through additional characterization, we then relate these 

enhancements to the percolated structure of the composite 
and to the individual particle–particle interfaces.

2. Results and Discussion

2.1. Microscale Structure of Soft Composites with Magnetically 
Aligned Nickel Particles

Alignment of nickel and nickel-core particles is achieved by 
placing magnets on the top and bottom of a TIM mold prior to 
curing the polymer matrix. This results in a magnetic field across 
the TIM pad, producing forces that align the filler particles into 
columns. The induced dipole moment in the particles creates an 
inter-particle attraction that causes them to aggregate together as 
shown in the schematic in Figure 1a and as described by Bor-
bath et al.[41] The application of this field induces evident align-
ment of nickel particles (diameter = 21 µm) in a silicone matrix 
at φ ≤ 0.3, but particle alignment becomes difficult to detect at 
φ ≥ 0.4 (see Figure S1, Supporting Information). Similar evidence 
of alignment is present with silver-coated nickel particles, as 
shown in Figure 1b. The presence of silver and LM (see Figure 5a) 
coatings do not disrupt the magnetic alignment process.

By magnetically aligning the particles, percolation is 
enforced, particle–particle contact is significantly increased, 
and Rpp becomes the limiting thermal boundary resistance. 
Thus, for composites with magnetically induced percolation, 
decreasing Rpp can have a measurable effect on the composite’s 
thermal performance, even at low φ where Rc will be smaller 
and mechanical properties of the composite are uncompro-
mised. To carefully investigate the effect of silver and liquid 
metal coatings on particle–particle thermal boundary resist-
ance, we first investigate thermal transport in particle beds with 
no polymer matrix (Sections 2.2 and 2.3).

Adv. Mater. Interfaces 2019, 1801857

Figure 1. a) Illustration showing how, (I) when a magnetic field is applied, the particles go from (II) a random dispersion in the polymer matrix to 
(III) being aligned and (IV) forming columnar structures; and b) side view optical microscope images of the aligned (top) and unaligned (bottom) 
composites with (from left to right) 0.05, 0.15, 0.25, 0.35, and 0.45 volumetric fractions (φ) of nickel particles with 350 nm silver shells. Analogous 
optical microscope images of aligned and unaligned composites with bare Ni particles and liquid metal-coated Ni particles are available in Figures S1 
and S2 in the Supporting Information.
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2.2. Contact Engineering with Silver Coatings on Nickel Particles

In this section, the soft and nearly oxide-free silver–silver interface 
characteristics are used to improve thermal transport in particle 
beds. Nickel particles as well as silver-coated nickel particles (8, 
18, and 23 wt% Ag) were acquired from Potters Beads LLC. The 
base nickel particles on which the silver coatings are deposited 
are randomly shaped with an aspect ratio near 1 (Figure 2a). The 
8, 18, and 23 wt% Ag particles correspond to calculated volume 
fractions of Ag to Ni, χAg, of 0.07, 0.16, and 0.20, each having 
an average shell thickness of 350, 750, and 850 nm, respectively 
(Figure 2b–d). We also compare the thermal performance of pure 
silver (Figure 2e) and pure nickel (Figure 2a) as reference points 
using particles of similar size to that of the silver-coated nickel par-
ticles. Since the shells are relatively thin, the particle size distribu-
tions are similar for the uncoated and silver-coated nickel particles 
with a mean particle size of around 20 µm and a standard devia-
tion of 10 µm (see the Supporting Information for further details).

The silver-coated nickel particles show a significant decrease 
in thermal resistance compared to the bare nickel particles 
when compressing loose particle powder beds (1 mm thick) 
in our stepped-bar apparatus (SBA).[42,43] The thermal resist-
ance and sample thickness of the particle beds are measured 
as a function of the applied compressive force. The thickness 
of the compressed samples is normalized in Figure 2f by 
their estimated thickness at the estimated first point of con-
tact with the SBA reference bars (this is where compression of 
the sample—and not just removal of the air above it—begins). 

Comparing the three thicknesses of silver coatings on nickel 
particles to the bare nickel shows a dramatic decrease in thermal 
resistance, even at pressures as low as 300 kPa (Figure 2g). 
Specifically, all three silver coatings provide less than a quarter 
of the thermal resistance of the bare nickel particles at a 
moderate pressure of 500 kPa. Nevertheless, as the pressure 
increases up to 1 MPa and beyond, the thicker silver coatings 
do show even lower resistances, with pure silver particles exhib-
iting the lowest resistance of all. It is worth noting that, near 
the maximum pressure tested, the bare nickel bed can only be 
compressed by about 25%. At this point, it has a thermal resist-
ance lower than the coated particle beds with the same normal-
ized thickness (see Figure 2f). However, the plot in Figure 2g 
reveals that the pressure required to compress the coated parti-
cles beds to this normalized thickness is an order of magnitude 
lower than the bare nickel particle beds (around 250 kPa) and is 
well below the 1 MPa maximum for most TIM applications.[44]

To confirm that the decrease in the overall thermal resistance 
stems from the deformation of the silver coatings, we image the 
various samples before and after compression. Imaging of the 
nickel particles after compressing them under more than 2 MPa 
shows no sign of surface deformations and they remain a loose 
powder. Conversely, the silver-coated nickel particles press into a 
cake under only 500 kPa that is easily handled and cross-sectioned 
without breaking apart (Figure 3a,b). Figure 3c clearly shows that 
the silver shell deforms under minor pressure, leading to better 
thermal contact and reduced resistance between particles, as 
illustrated in Figure 3d,e. This deformation also explains why 
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Figure 2. Scanning electron microscope (SEM) images of a) the nickel particles, b–d) Ag-coated particles that are cross-sectioned using an FIB with χAg 
of 0.07, 0.16, and 0.2, respectively, and e) silver particles; f) the thermal resistance (Rth) plotted versus the normalized thickness (tc) of the pressed 
powder beds with inset illustrating the process; g) thermal resistance plotted versus the pressure (P) applied to the powders; h) effective thermal 
conductivity plotted versus the pressure applied to the powders.
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coated particle beds can be compressed significantly more than 
uncoated particle beds under the same applied pressure.

Compression of pure silver particles increases the thermal 
conductivity of the particle beds by eightfold—as compared to 
the bare nickel particles. However, pure silver is not affected 
by an applied magnetic field, preventing sufficient thermal 
performance in the polymer composite at reduced filler con-
tent through magnetically induced percolation. Furthermore, 
the pure silver particles used in this study are 30 times more 
expensive than the silver-coated nickel (see Figure S3, Sup-
porting Information). This makes the silver-coated nickel parti-
cles a much more cost-effective way to reduce Rpp that can take 
advantage of magnetic alignment in the polymer composite.

2.3. Contact Engineering with Liquid Metal Coating of Nickel 
Particles

In this section, eutectic GaInSn is used as a coating on the 
nickel particles. The liquid nature of this material facilitates 

the “gluing” of the nickel particles together and the subsequent 
decrease of the interfacial thermal boundary resistance between 
them. This leads to meaningful increases in the thermal con-
ductivity of particle beds. The LM-coated nickel mixtures are 
pressed between the copper reference bars of the SBA and 
the thermal properties measured with increasing pressure. 
Figure 4e,f shows energy-dispersive X-ray spectroscopy (EDS) 
maps and corresponding Scanning electron microscopy (SEM) 
images of the mixed LM-coated nickel particles for the volume 
fractions of LM, χLM, of 0.1, 0.2, 0.3, 0.4, and 0.5, before and 
after the compression experiments (additional EDS images, as 
well as optical images, are provided in Figures S4 and S5, Sup-
porting Information). The images reveal that as the content of 
LM increases, so does the number of LM “bridges” that con-
nect the nickel particles together. Ultimately, at χLM = 0.5, the 
LM almost completely fills in the gaps between nickel particles 
as the sample is compressed. These LM-bridges thermally con-
nect the nickel particles and significantly enhance the thermal 
conductivity of the pressed particle powders, as evidenced 
in Figure 4a,b. The increase in χLM from 0.1 to 0.5 steadily 
lowers the thermal resistance and at 500 kPa, the resistance of 
χLM = 0.5 is an order of magnitude lower than bare Ni. Beyond 
500 kPa, all samples decrease in Rth at roughly the same rate. 
The increase in thermal conductivity shows a similar trend with 
increasing χLM, but with a much larger jump between χLM = 
0.4 and 0.5. At 2 MPa, k doubles from 5 to 10 W m−1 K−1 at 
χLM = 0.4 and 0.5, respectively.

With thick enough LM coatings, high powder bed thermal 
conductivities can be achieved. However, thin Ag coatings are 
still more effective. For example, at 2 MPa, χAg of 0.07 and 
0.2 reach 2.5 and 5 W m−1 K−1, respectively, yet it requires χLM 
of 0.2 and 0.4 to reach similar k values. This effect most likely 
stems from the presence of gallium oxide, which naturally forms 
when LM is exposed to air.[45] This elastic, few nanometers thin 
oxide layer is prone to nanoscale and microscale wrinkling.[46,47] 
Thus, we postulate that the oxide layer on the LM provides infe-
rior contact between particles relative to the silver coatings. To 
test this hypothesis, we coat the silver-coated nickel particles 
with a secondary LM film. The thermal resistance of this powder 
shows similar thermal properties to the LM-coated nickel – sug-
gesting the superior silver-silver interface is lost under the LM 
and its oxide shell. In addition to being present at the interfaces, 
some gallium oxide flakes are also likely to be incorporated into 
the bulk of the LM during processing, providing another mecha-
nism for the reduction in thermal conductivity.

Both the silver and LM coatings reduce Rpp and enhance the 
thermal conductivity of the nickel particle beds in an air envi-
ronment. However, for application in TIMs pads, the particle 
coatings need to be effective in a polymer matrix. In the next 
section, we explore whether these engineered contacts also pro-
duce substantial increases in thermal performance within soft, 
cross-linked polymer matrices.

2.4. Thermal Conductivity Enhancement of Polymer Composites 
with Magnetically Aligned Silver- or LM-Coated Nickel Particles

Here, we evaluate the composite thermal conductivity 
enhancements that can be obtained through the synergistic 
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Figure 3. a) photo of the pressed silver-coated nickel powder; b) SEM 
image of the pressed silver-coated nickel powder; c) SEM of the cross-
section of the silver-coated nickel powder showing how the silver coating 
allows the particles to fuse together; d) illustration showing the small 
interface area between two nickel particles compared to e) the larger 
interface of the deformed/fused silver–silver interface.
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effects of magnetically induced percolation and reduction 
of particle-particle boundary resistance by silver or LM par-
ticle coatings. Specifically, particles are incorporated in a soft 
silicone matrix, cast in the form of a TIM-pad, and cured in 
an applied magnetic field. Composite cross-sections of mag-
netically aligned LM-coated nickel particles at φ = 0.3 with 
χLM ranging from 0.1 to 0.5 are presented in Figure 5a. These 
images demonstrate that the LM coatings remain intact during 
magnetic alignment and the curing process. As expected, the 
magnetic alignment enforces percolation and induces contact 
between many particles, again making the effect of particle 
coatings (i.e., Rpp reduction) more pronounced.

The enhancement of the powder thermal conductivity 
achieved through silver and LM coating of nickel particles 
demonstrated in the preceding sections is also evident in the 
powder dispersed in the polymer matrix. Figure 5c presents the 
thermal conductivity of the elastomer composites at various φ. 
Both the silver and LM coatings provide a substantial increase 
in the thermal conductivity of the samples with magnetically 
aligned particles. Particle coatings do not impact the thermal 

conductivity of samples with unaligned particles for φ ≤ 0.4. To 
avoid any artifacts stemming from variation between particle 
geometries that are likely to be more pronounced at higher 
filler packing (φ ≥ 0.4), we investigate the effect of the thickness 
of particle coatings in the polymer composite at φ = 0.3 (i.e., the 
theoretical threshold for the onset of percolation). We also note 
that at φ ≥ 0.4 we occasionally observed evidence of minor LM 
leakage from pads under compression, which could be undesir-
able in TIM applications.

Comparing the thickness of the silver coatings in Figure 5b 
reveals no significant increase in kc with increasing silver shell 
thickness. This is in contrast to the results from the powder bed 
measurements (compare to Figure 2h) where the thicker silver 
shells provided further enhancement to thermal performance. 
In these polymer composites, φ is only 0.3 whereas in the 
powder beds it is closer to 0.6—the maximum packing factor 
for random spheres.[48] Therefore, the number of particles in 
good contact with one another other would be larger in the par-
ticle beds. Another important consideration is the difference 
in applied pressure during thermal transport measurements 
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Figure 4. Properties of LM-coated nickel particles including a) Rth of the LM-coated nickel plotted against the pressure applied and b) k of the 
LM-coated nickel plotted against the applied pressure. An illustration of the LM coating on the nickel particles when c) the interface between Ni particles 
is completely encased in LM providing a good thermal connection and, conversely, d) when the LM oxide prevents a good thermal connection. And EDS 
images at (from left to right) χLM = 0.1, 0.2, 0.3, 0.4, and 0.5 e) prior to and f) after pressing them and measuring thermal properties.



www.advancedsciencenews.com

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1801857 (6 of 8)

www.advmatinterfaces.de

for the polymer composites versus the powder beds. The pol-
ymer composites in Figure 5b were only tested up to a pres-
sure of 150 kPa whereas the powder beds were tested up to 
2 MPa. Consequently, the Ag-coatings in the powder beds likely 
experienced much more deformation and fusion than in the 
polymer composites. Thus, thicker shells provide less benefit 
in these polymer composites. Testing on the polymer compos-
ites was limited to 150 kPa in order to maintain a compressive 
strain of 5% across all the samples to minimize contact resist-
ance yet prevent negative thermal effects from aligned column 
buckling.[27]

The effects of the various LM coatings are also evaluated 
at φ = 0.3 (Figure 5d). Increasing the LM content increases 
kc for aligned particles, but not as drastically as in the com-
pressed LM-coated Ni powders (compare to Figure 4b). There 
are only minor increases in kc from increasing the thick-
ness of the LM coating (a 5% increase in kc for every 10% 
increase in χLM) until χLM > 0.4, where it jumps by 50% to 
near 4 W m−1 K−1 at χLM = 0.5. We note that samples with 
χLM = 0.5 had a visible decrease in mechanical stability when 
handling the composites and so we focused the majority of 
our studies on χLM = 0.4 (Figure 5c).

We note that in order to obtain these meaningful enhance-
ments in composite thermal conductivity using liquid metal 
coatings, it is important to combine the liquid metal– nickel 

particle mixture into the polymer in a particular manner. More 
specifically, aggressive mixing of the liquid metal–nickel mix-
ture into the polymer results in independent nickel particles 
and liquid metal inclusions dispersed in the polymer matrix. 
It is more advantageous to preserve liquid metal–nickel aggre-
gates (i.e., multiple nickel particles in a liquid metal droplet 
as opposed to single nickel particles in a liquid metal droplet). 
The LM must connect several nickel particles inside its oxide 
skin. Otherwise, the polymer matrix will wet the self-passivating 
Ga oxide[49] that covers the coated particles and no decrease 
in thermal resistance will be evident between nickel particles. 
The importance of these material processing characteristics is 
described in our prior work, in which we used LM-coated copper 
particles in a three-phase polymer composite and leveraged the 
unique, rapid alloying of copper and gallium to enhance per-
colation through the polymer matrix.[29] The use of magnetic 
alignment allows for achieving percolation at much lower filler 
volume ratios and significantly increases repeatability of the 
results. In addition, it is important to note that the aligned com-
posites are electrically conducting under compression at high φ.

The largest enhancement from the magnetic alignment of 
the particles is at φ = 0.4. Magnetic alignment of the bare nickel 
particle composites increases kc by a factor of 1.6 (from 1.3 to  
2.1 W m−1 K−1), while the alignment of the LM- and Ag-coated 
particle composites increases kc by a factor of 2.2 and 2.6 (from 
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Figure 5. a) Cross-sections of aligned LM-coated nickel particles in the polymer composite at φ = 0.3 with χLM of 0.1, 0.2, 0.3, 0.4, and 0.5. The nickel 
particles can be identified by their brown-gold coloring and the LM by its high reflectance and silver color. b) The enhancement due to magnetic 
alignment (||) as χAg increases from 0 (pure nickel particles) to 1 (pure silver particles) at φ = 0.3 and a compressive strain of 5%. c) The comparison 
of k versus φ of aligned and unaligned nickel particle composites as well as silver-coated nickel composites (χAg = 0.07) and LM-coated nickel 
composites (χLM = 0.4) at a compressive strain of 5%. And d) k versus χLM with both aligned and unaligned fill at φ = 0.3 and a compressive strain of 
5%. The shaded circles highlight the same data points across the multiple plots.
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1.4 to 3.1 and 3.7 W m−1 K−1), respectively. This means that the 
LM and Ag coatings themselves increase kc by 50% and 75%, 
respectively, over the aligned bare nickel particle composites at 
φ = 0.4. These enhancements are of similar or greater magni-
tude than those previously achieved using other methods that 
increase conductance between filler particles in a polymer 
matrix such as bridging Ni particles with carbon nanotubes.[50,51]

3. Conclusions

Magnetic alignment of nickel particles in a polymer composite 
enforces percolation of the high k particles through the low k 
polymer matrix, increasing the thermal conductivity of the com-
posite by around 150%. It also increases the particle-particle 
interactions, making the thermal boundary resistance at the par-
ticle–particle interfaces a dominant thermal resistance. Thus, 
modifying the particle interfaces to lower Rpp has a large impact 
when particles are magnetically aligned in the composite.

Leveraging the soft, nearly oxide-free silver surfaces as a 
coating on the nickel particles in a dry powder bed provides 
a fivefold decrease in thermal resistance with only 500 kPa of 
applied pressure. Similarly, the fluid nature of GaInSn is lever-
aged as a coating and bonding agent between nickel particles to 
cut the thermal resistance of the pressed particle beds in half 
with χLM = 0.1 and a full order of magnitude with χLM = 0.5. 
Both coatings reduce Rpp and increase the thermal performance 
of the nickel particles, but the Ag coatings provide more benefit 
than LM coatings at an equivalent coating thickness.

Combining these engineered interfaces with magnetic align-
ment in a polymer composite results in significant enhance-
ments in kc. Nickel particles with silver shells of only 350 nm 
show a 175% increase in kc over the bare Ni in the aligned 
polymer composites, achieving 3.7 W m−1 K−1 at φ = 0.4. Simi-
larly, χLM = 0.4 particles show a 150% increase over the aligned 
Ni composites, achieving 3.1 W m−1 K−1. This work provides 
significant insight into surface engineering and materials pro-
cessing methodology that lead to improvements in soft, ther-
mally conductive composites. Future work will investigate how 
to minimize the negative thermal effects of LM oxide–LM oxide 
interfaces to enable greater enhancements with less LM to 
bridge the thermal gap between high k fill particles.

4. Experimental Section
Materials: The polymer matrix used in this work for all the composites 

is Smooth-On EcoFlex 00-20, a soft, platinum cured silicone elastomer 
with a thermal conductivity of 0.3 ±  0.03 W m−1 K−1 (95% uncertainty). 
The nickel particles (Ni325, 325 mesh nickel powder), as well as the 
silver-coated nickel particles (SN40P08, SN40P18, SN325P25-ALT1), 
were all purchased from Potters Beads LLC. Size distributions of the 
nickel and silver-coated nickel particles, measured with ImageJ from 
SEM images, are provided in Figure S6 in the Supporting Information. 
The silver particles (325 mesh, supplier ID 327107-10G) were purchased 
from Sigma Aldrich. The GaInSn eutectic mixture, Galinstan, was 
purchased from Rotometals.

Material densities used in this work were 6.44 g mL−1 for Galinstan, 
10.50 g mL−1 for silver, and 8.91 g mL−1 for nickel. The densities of the 
silver-coated nickel were calculated by multiplying the densities of each 
constituent by the weight percent of that constituent, then adding the 

two partial densities together. For example, the density of the 8 wt% Ag 
particles is calculated as

Ag : 10.5 g mL * 0.08 0.840 g mL 0.84 g mL

Ni : 8.91g mL * 0.92 8.20 g m
8.20 g mL

9.04 g mL

1 1 1

1 1
1

1

=

= +

− − −

− −
−

−

 
Densities for the 18 and 23 wt% Ag particles are calculated as 

9.20 and 9.28 g mL−1, respectively.
Composite Fabrication: The particles were weighed out and mixed 

into the polymer matrix by hand with a mortar and pestle. For the 
composites with LM on the solid particles, the LM and solid fill were 
mixed in the mortar and pestle prior to adding the polymer and stirring 
the mixture lightly with a stir rod until somewhat homogenous, but 
without breaking up the LM-solid particle agglomerations. Since the 
oxidation of the LM has been shown to aid in wetting other metals, 
we mix the nickel powder with various amounts of LM in an air 
environment.[52,53] The uncured composite was vacuum degassed to 
remove air bubbles prior to pouring into rectangular acrylic molds 
with dimensions of 1.5 × 12.7 × 12.7 mm. An acrylic top was placed on 
the mold and magnets (BY0Y02, 2″ × 2″ × 1/8″, NdFeB, Grade N42) 
purchased from K&J Magnetics, Inc. were placed on top and bottom 
of the acrylic mold for the magnetically aligned samples, which 
positioned the magnets 2.25 mm above and below the center of the 
sample. Borbath et al.[41] observed that a maximum column thickness 
was formed with a magnetic field strength of 110 kA m−1, similar 
to the magnetic field strength applied in our fabrication procedure. 
For the unaligned sample, a weight was placed on top of the mold 
during cure. The composites were cured at room temperature for 3 h.

Microscopy: Optical microscopy was conducted with Zeiss Axio 
Zoom.V16 with an objective lens of 2.3 × /0.57 FWD and 10.6 mm focal 
length Zeiss PlanNeoFluar Z. SEM of the particles was conducted using 
an Amray 1910 with field emission gun and was conducted at 20 kV and 
a working distance of between 8 and 12 mm. The cross-sectioning and 
imaging of the silver-coated nickel particles were done using a focused 
ion beam (FIB) instrument (FEI Nova Nanolab 200 FIB/SEM) using 
typical procedure.[54]

Thermal Measurements: Thermal resistances (Rth) were measured 
in line with the aligned particles using an SBA.[42,43] A linear encoder 
installed on the SBA measured the distance between the copper 
reference bars, thus providing a good estimate of the compressed 
sample thickness (tc). A load cell integrated with the SBA provided 
concurrent load measurements. Thermal conductivity was calculated as

R
c

th
k

t=
 

(1)

where tc is in meters and Rth is in m2 KW−1. The average sample 
temperature during thermal measurements was 55 °C. A thin layer of 
Galinstan was applied on top and bottom of the samples to minimize 
contact resistance at the sample–reference bar interface. The copper 
reference bars are not affected by gallium within the short timeframe of 
the measurements.[18]
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from the author.
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