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ABSTRACT

Thermal management opens the new era of next generation electronic and thermal
devices. Research on nano-scaled autonomic thermal switching is lacking because the
suitable material is hard to synthesis. Our approach is utilizing the phase change property
of eutectic/eutectoid materials. Triggered by heat, this type of material is possible to be
directionally solidified into anisotropic structure, such as ordered lamellae and rods. We
have surveyed the whole family of binary eutectic and eutectoid alloys and come up with
a few good candidates for thermal switching applications. Two of the materials we
studied in this thesis are Cu-P-Ag alloy and Cu-P eutectic alloy. The experimental
methods we use are directional solidification and Time-domain Thermo-reflectance
(TDTR) measurement. We have achieved large area of ordered lamellar structure up to
hundreds of micron meters using Cu-P eutectic alloy. We include a few modern
techniques to study the composition of both materials, which could be applied to other
candidates for this type of application. The thermal conductivities of both materials are
measured using TDTR. The Cu-P-Ag alloy and Cu-P eutectic alloy have thermal
conductivity of 13.34 W/mK and 8.23 W/mK respectively. The theoretical estimation of
thermal conductivity of Cu-P-Ag is around 40 W/mK, and the theoretical estimation for
Cu-P eutectic alloy is around 200 W/mK. Both of our measured values are a little off
from our estimated thermal conductivity of composite alloys, but the directional
solidified alloys of these typies were not measured before. It may due to the fact of
surface reaction of our alloys with the environment and caused oxidation and
contamination, and TDTR is a surface sensitive technique for thermal conductivity
measurment. Other possible thermal measurements like Scanning Thermal Microscopy

(SThM) and 3-omega thermal measurement should be included as a comparison in future.
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CHAPTER 1

INTRODUCTION

1.1 Eutectic/Eutectoid Materials and Directional Solidification

A thermal switch controls the heat transport in a device, and it turns on/off the thermal or
electrical circulation when a trigger is given. The types of trigger can be heat, voltage, chemical
reaction, and so on depending on different applications. As a safety feature of the entire device,
thermal switch plays a crucial role. The fast development of the electro-thermal devices puts an
urge for seeking the next generation’s micro/nano-scaled thermal switches. The main focus of
current research is on more renovation materials and based on more reliable and simple
mechanisms. Our design of high thermal conductivities switching is based on directional
solidified eutectic/eutectoid materials, which provide the device with phase change and
anisotropic structure.

Eutectic/Eutectoid materials are mixtures of two or more components in such portions
that the melting temperatures of the eutectic/eutectoid materials are lower than the mixing
components themselves [1]. Many eutectic alloys are traditionally used for soldering due to the
low melting temperatures, such as Tin-Silver-Copper (TSC), Copper-Zinc (Cu-Zn), and Tin-
Lead-Silver (Sn-Pb-Ag) [2]. A typical phase diagram of eutectic material is shown in Figure 1.
The eutectic melting temperature of the alloy is defined as Tg. Above the eutectic melting
temperature, the phases are separated by two liquidus lines, which include a completely liquid
phase straight above the eutectic composition point E. Below the eutectic composition, two solid
phases of A and B are coexisted [3]. The phase diagram of a eutectoid material is similar to a

eutectic phase diagram except that in the liquidus phase is replaced by another solidus phase.



To illustrate the characteristics of eutectic and eutectoid phase diagrams, we can use the
steel part of the phase diagram of Iron-Carbon (Fe-C) shown in Figure 2 [4]. At the eutectoid
temperature 727 °C with 0.76 wt% Carbon, the two solid phases below the eutectoid temperature
is a-ferrite and iron carbide (Fe;C), and the single solid phase above the eutectoid temperature is
y-austenite. At the eutectic temperature of 1147 °C and with 4.3 wt% of carbon, two solid phases
of y-Fe and Fe;C form into a liquid phase above the eutectic temperature. The microstructures of
Fe-C alloy are one of the most widely studied in the world, and the applications go far beyond
the industrial field.

Recent years, lots of research projects are focused on toning the structure of eutectic
alloys systematically and finding innovative applications to substitute traditional materials. For
example, LiF-LiYF, is directional solidified in 2013 and shows very good optical property [21].
Al-Zn-Cu, another traditional eutectic alloy, is directionally solidified into ordered lamellae and
shows some good mechanical properties in 2015 [5]. The artificial fabricated optical material,
terbium-scandium-aluminum and terbium-scandium eutectic alloys show strong Faraday effect
[6]. Although there are lots of open questions about eutectic materials, the potential of these
types of eutectic structures are unlimited and worth researching.

Two-phase eutectic/eutectoid materials can form different structures based on
composition and solidification thermal gradient (pulling speed). Types of structures are lamellar,
rod-like, globular, and acicular as shown in Figure 3 [7]. The lamellar and rod-like structures are
suitable for the application of thermal switch because of the directionality of the phases, which is
unlike the globular and acicular structures that are isotropic in all directions. To find materials
having such property, we use an experimental technique called directional solidification. When

eutectic material is solidified under certain thermal gradient, we can have control about the



resulting structures. For example, the lamellar structure spacing and the continuity of the

lamellar structure, and resulting in anisotropic thermal conductivity [8,9].

1.2 Autonomic Thermal Switch Based on Anisotropic Material

The traditional thermal switches are usually designed for one-time use, and are for large
machines and devices [10]. For example, the fire sprinkler is one kind of thermal switches
triggered by temperature. When the surroundings have a temperature higher than the melting
point of the thermal switch material, water can be turned on [11]. However, as electronic devices
getting smaller and smaller, the nano-scaled thermal switches become an urge to the whole
technology field for guarantee the safety of the entire device. The next generation’s thermal
switch should fit into a nano-sized device, and have the property of repeatable usage due to the
fact that replacing a small fixture in a high-tech device is challenging. Therefore,
eutectic/eutectoid materials would be good candidates for this kind of applications.

For the purpose of finding thermal switching material, we surveyed all the binary eutectic
materials with high contrast of thermal conductivities. The phases of material consisted by metal-
nonmetal and metal-semiconductors phases would naturally give the anisotropic thermal
conducting properties in different directions if a self-assembled ordered structure of the phases
can be realized, eg. high thermal conductivity along the growth direction of the phases and low
thermal conductivity perpendicular to the growth direction of the phases. In addition, the thermal
conductivity can also be changed dramatically triggered by temperature due to phase change, eg.
low thermal conductivity in the solid phase and high thermal conductivity in the liquid phase, or

vise versa.



Previously, a few nano scaled thermal switches published shows reasonable switching
ratio, however, the repeatability of many thermal switches are based on mechanically moving the
material through changing contact. For example, a vapor-liquid phase change thermal switch has
a switching ratio of one order of magnitude has developed by Ng et al in 2016 [12]. In this work,
we focus on the anisotropic thermal conductivity of eutectic materials, and the directional
solidification process of our material, in order to study eutectic/eutectoid materials’ potential as

thermal switches.

1.3 Time-domain Thermoreflectance

Time-domain Thermoreflectance (TDTR) is a popular and advanced technique that uses
laser to measure the thermal conductivity of thin film, bulk, super-lattice and wire. It is a pump-
probe technique that one beam of laser is served as a pump beam to heat up the material, and the
other beam of laser is served as a probe beam to measure the change of thermal reflectivity of the
sample [13]. The surface of the sample itself has to be polished smoothly to optical degree, and a
metal transducer (usually aluminum) needs to be deposited on top of the polished surface. Since
the thermal reflectivity on the surface is correlated with the thermal conductivity, the output
signal generated by the rf lock-in amplifier has a in phase component Vi, and a out of phase
component V.. We can do a series of calculation based on the thermal diffusion equation using
known values of film thickness and heat capacity to get the thermal conductivity with high
accuracy in this way.

The schematic setup of our TDTR equipment is shown in Fig. 2 [14]. A Tsunami
Ti:Sapphire laser with a tuning range of 720-850 nm was used to produce pulses (<400 ps) for

the pump and probe. A polarized beam splitter (PBS) is used to orthogonally split the beam into



the pump beam and a probe beam. A spectrum analyzer is used to modulate the wavelength of
the beam to be at 783 nm and the full width at half maximum (FWHM) at 10 nm. The power
ratio between the pump and the probe beam is typically controlled to be 2 to 1 using the PBS and
a half wave plate. An electro-optical modulator is used to control the intensity of the pump beam
with frequency of 10.1 MHz [15]. For our experiment, the pump and probe beams are tuned to be
10 mV and 5 mV respectively. A double modulation technique of combining a lock-in amplifier
and a mechanical chopper is used to increase the accuracy of our TDTR setup.

An alternative method for TDTR is 3w thermal conductivity measurement. It suits
measurement for bulk and thin film materials. A schematic diagram of the 3® method is shown
in Figure 5 [16]. A thin metallic wire shown in yellow color is deposited on top of the sample,
and is used as an electrical heater and a temperature sensor. An alternative current (AC) is
running through the wire from two long ends at frequency of ®, and it causes a heating at 2®
frequency. Coupled with the electrical resistance of the wire, a voltage changes at 3® can be
measured at the two short ends of the wire [17]. The length L shown in Fig. 5.a) is usually
between 1000 and 10000 um, and the half width length a shown in Fig. 5.b) is usually between
10 and 50 um [18]. One of the significant advantages of the 3w thermal conductivity
measurement is that we can control the penetration depth by changing the frequency ®, which

usually works better for thick samples than TDTR [19].



1.4 Figures
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CHAPTER 2

BINARY EUTECTIC AND EUTECTOID CANDIDATES SELECTION

2.1 Background

The traditional thermal switch relies a lot on mechanical type of trigger to disconnect the
thermal pathway, and not much on designs of autonomic switching materials [20]. These types of
switches have limited application because they need to be reset or changed after using it once. In
addition, in a highly integrated device, the whole unit has to be replaced once the thermal switch
is used, which is not economical and time efficient. One example of traditional thermal switch is
made via bimetallic strip materials [21]. The bimetallic materials have two layers of different
metals, of which have very different amount of thermal expansions upon heating or cooling,
therefore, the thermal switching device mechanically snaps at certain temperature to cut off or
connect the thermal circuit.

For the next generation’s thermal switch, people focused on a lot about phase changing
materials, which have merits like, size tunable to nano-scale, reusability, cost efficient, and
different switching temperature windows since the year 2010 [22]. A group of researchers at
Aarhus University have found the thermal conductivity switching property of one single string of
DNA at 70 °C [23]. However, the practical application of biomaterial like DNA is difficult to
integrate into an actual device, and the cyclability of DNA is questionable in high technological
electronics. More recently, a phase change thermal switch is innovated by graphene coating
published in 2016, but the actual device is no difference than the traditional mechanical thermal

switches relied on different thermal expansion rates [12]. Hence, developing a new type of
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thermal switch based on phase changing, and having an intrinsic anisotropic thermal

conductivity is much more practical than the current developed nano-thermal switching systems.

2.2 The Structural and Thermal Properties of Eutectic Candidates

While most current research focuses on the phase transition between solid, liquid, and gas
phases to increase the thermal conductivity contrast, our goal is to increase the thermal
conductivity contrast of ordered eutectic structures in the solid phase. For example, the lamellar
structure of a directional solidified bulk material shows high thermal conductivity along the
direction of the lamellar structure, but low thermal conductivity in the cross plane of the lamellar
structure. The reason is duo to different thermal conductivities of the two phases consisting the
lamellar structures, and also the boundary thermal conductivity.

Considering the eutectic temperature, the lamellar structure, and the thermal
conductivities of the phases, we have surveyed all the possible binary alloys [24,25]. We choose
a few candidates for eutectic alloys that form liquid phase above the eutectic temperatures, and
form solid phases below the eutectic temperature.

Copper Phosphorous (Cu-P) eutectic alloy with 8.38% phosphor concentration is one of
our best candidates so far. Its eutectic temperature is 714 °C. The phase diagram is shown in
Figure 6, from which we can see that the solid phase is consisted by a copper rich a phase and a
CusP phase [26]. The thermal conductivity of copper is relatively high in the periodic table at
386 W/mK at room temperature [27]. The thermal conductivity of CusP is unknown, but we
found that it is a semi-conducting metal, which means its thermal conductivity should be a lot
lower than copper [28]. Moreover, Cu-P eutectic alloy is one of the few eutectic systems that

does not grow dendrites easily, which gives us more freedom on the directional solidification
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experiment. It is also not expensive and earth abounded. Therefore, we started our investigation
from this alloy even though its eutectic temperature is higher than what we actually expected for
our current lab set-up, and the transition temperature is very high served as a thermal switch.
Another interesting candidate is eutectic alloy Barium Copper (Ba-Cu) shown in Figure
7. Barium (Ba) has a relatively low thermal conductivity of 18.6 W/mK among metals and a
body centered cubic (BCC) structure, while copper’s thermal conductivity is twenty times higher
than Ba [29]. Among the system’s eutectic temperatures, we find that the one at 458 °C is useful
with the concentration of Ba at 79.4%. The two phases are BaCu with a hexagonal structure, and
a Ba rich phase [30]. The limitation of this alloy is that it is very reactive in air, so the safety of
our thermal device and the experimental difficulty have to be considered if we use this material.
Other favorable materials in this category include Phosphor Tin, Phosphor Platinum, and
Bismuth Patassium eutectic alloys. They all form two phases of one metal rich phase and the
other semi-conducting phase at the eutectic composition. Theoretically, these candidates can all
form high contrast in thermal conductivities of different phases. However, the thermal properties
and eutectic structures are rarely studied experimentally before. Therefore, researching on these

candidates for thermal switching applications are necessary in future.

2.3 The Structural and Thermal Properties of Eutectoid Candidates

Besides eutectic material, another even better choice of materials that are easy to be
integrated into devices are eutectoid materials. The reason is that the eutectoid transition is
happened so that two or more solid phases become a single solid phase upon the eutectoid
temperature, which would be easier and safer to integrate into a thermal circuit than eutectic

materials. After searching all the binary metal alloys, we find that unlike eutectic materials, some
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of which have quite low eutectic temperatures (like solder alloys), eutectoid transitions usually
happen at very high temperatures [24,25]. Some of the good examples could be used for thermal
switches are Titanium-Aluminum (Ti-Al), Manganese-Molybdenum (Mn-Mo), Manganese-
Titanium (Mn-Ti), Manganese-Zinc (Mn-Zn), and Titannium-Tungsten (Ti-W).

Ti-Al has a small window of eutectoid at 1125 °C with 40.4 at% Al content, which is
hard to achieve experimentally, but we find an interesting phase transition with slightly more Al
content than the eutectoid composition with lamellar structures shown in Figure 8 as the
horizontal line crossing temperature at 1125 °C. In this window, Below 1125 °C, two of the
phases consisting the lamellar structures are y and TizAl, and above this eutectoid temperature,
the lamellae becomes a and y phases [31]. Since a is rich in Ti, which has a very low thermal
conductivity of 20 W/mK, and Ti3Al with a higher concentration of Aluminum (thermal
conductivity of 237 W/mK), we would expect the difference in thermal conductivity facilitates
thermal switching properties [32].

Mn-Mo’s eutectoid temperature is at 1383 °C, and the composition of Mo is at 35.7%
with a small stoichiometry range shown in Figure 9. The ¢ phase is studied to have a model of
Mn;oMo4(Mn,Mo);¢ and in the space group of P4, The p phase has a model of Mn;Mo,Moy4 and
space group of R3m, and cbce phase has a model of (Mn,Mo); with the space group of [43m
[33]. Nevertheless, there is no literature about the thermal properties of these phases. It might be
interesting to study the thermal properties with mathematic models and predict the behavior of
each phase before experimental research. Therefore, it could also be an interesting candidate for
thermal switches.

Last but not least, we want to give the most credibility in the eutectoid category to Mn-Zn

because it has eutectoid transitions at three different temperatures with different ratios of Mn and

14



Zn shown in Figure 10. The eutectoid temperatures are at 220, 530, and 620 °C separately [34].
The elemental Mn has very low thermal conductivity of 7 W/mK, and in contrast, Zn is a very
good thermal conducting material with thermal conductivity of 116 W/mK [35]. In addition,
there are three single-phase transitions at temperatures of 180, 270, and 530 °C separately.
Hence, if we have the opportunity of synthesizing this material in our lab, trying different
combinations of Mn and Zn would give us lots of opportunity and show promising results as
well.

To sum up, there are lots of promising candidates for phase change triggered thermal
switches, and there must be more choices beyond binary alloys. For future studies, the direction
should be researching on this particular area using machine learning on large material science

data base.
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2.4 Figures
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Figure 6: Part of the Phase Diagram of Cu-P with phosphorus concentration up to 10 wt%.
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Figure 7: Phase Diagram of Ba-Cu.
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CHAPTER 3
DIRECTIONAL SOLIDIFICATION OF CU-P-AG EUTECTIC ALLOY AND THE

THERMAL PROPERTIES

3.1 Background

Directional solidified eutectic alloys are common structures of showing anisotropic
properties in the solid phases. During phase change, the alloys become isotropic in the liquid
phase [36]. After surveying all the binary alloys, the family of Copper-Phosphor (Cu-P) eutectic
alloys brought our attention because they combines a high thermal conducting phase of copper
and a low thermal conducting phase of phosphor alloy (usually semi-conducting) shown in Fig. 3
[7]. Not only this type of eutectic alloy show high thermal conductivity contrast along different
directions, it also gives us another possible thermal conductivity contrast between the high
temperature liquid phase and the low temperature solid phase.

Copper-Phosphor-Siliver (Cu-P-Ag) alloy is a widely used brazing alloy. It is cheap,
abounded and having high fluidity. Although pure Cu-P eutectic alloy has very high working
temperature, adding Ag to the binary alloy can lower the melting temperature up to 100 °C [37].
The solubility of Ag in the alloy limits how much the liquidus line can be lowered. Thus, adding
too much Ag is not possible and would cause phase separation. The phosphor content increases
the fluidity of the material, but too much phosphor also makes the alloy very brittle [38].
Considering both the mechanical and economical issues of this alloy, we choose to work with
Cu-9.8%P-4.0%Ag for our thermal switch application. It contains phases of a copper rich phase
aCu-Ag and a phosphor rich phase CuszP. The Copper rich phase has a face centered cubic (FCC)

structure and the phosphor rich phase has a hexagonal crystal structure [39]. Therefore, we
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expect to see the thermal conductivity contrast from different phases, structures, composition,
and thermal boundaries using this alloy.

The main focus of Cu-P-Ag alloy previously was mainly studied on its electronic brazing
application, especially in electronic packaging, and the unidirectional solidification has never
done before [40]. Our material has a solidus temperature of 645°C and a liquidus temperature of
720 °C. It is stable in air up to 150 °C, and can be heated up to 850 °C without decomposition
according to manufacture [41]. We use these guidelines to directionally solidify our samples

under different conditions.

3.2 Preparations and Characterization
3.2.1 Synthesis of the Directional Solidification Sample

The raw material Cu-9.8%P-4.0%Ag is purchased from Airgas, Inc named “Eutecrod
1804” in the circular rod form. We mechanically polish the rod using diamond film before
experiment. We use a calendar lever to roll the rods multiply times into thin sheets around 350
um. We then use a mechanical cutter to cut the sample into 1-inch long slabs for each individual
test. To get rid of the oxidized copper outer layer before solidification, we polish the sample on
diamond film again until the surface is shinny by naked eye, which usually takes 2 minutes on
each side. Then, followed by sonication of the polished sample in water for 5 minutes, any dirt
and debris are rinsed off of the polished surface. Two sapphire slides were cut and cleaned for
holding the sample in between. The whole setup then put into a porcelain crucible for the heating
experiment.

The next step is getting the furnace ready for directional solidification. We put the

porcelain crucible into a quartz furnace, which is placed into a single zone furnace shown in
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Figure 12. We then attach two copper sleeves at the two ends of the quartz tube to reduce heat
flux hitting the gas tubes at the ends and providing sharp thermal gradient along the furnace from
the center. After hooking the porcelain crucible up with the syringe pump, we seal the quartz
tube and let argon gas flow.

The temperature cycle we use is shown in Table 1. We pick a starting position of the
sample with thermal gradient being 6.1~6.3 °C/mm in the furnace. We flow argon gas at 60 °C in
the first step to dry the sample from outside moisture and exchange the oxygen in the furnace to
argon. Then, in the second step, we ramp the temperature up to 800 °C to completely melt the
sample into liquid phase. Next, the sample is dragged using a syringe pump at a certain pulling
speed along the furnace, which with a thermal gradient based on the starting temperature and the
position of the copper sleeve. In the last step, we wait the furnace to naturally cool down to

remove the sample. The pulling speeds we tried are between 1.59 mm/min and 15.9 mm/min.

3.2.2 Characterization and Preparation for the TDTR Experiment

After the directional solidification experiment, we usually do a scanning electron
microscopy (SEM) experiment to determine the quality of the sample. If the structure is ordered
in all directions by checking a few cross-sections, we can prepare the sample for TDTR
measurement. We mark the lamellar growth direction from SEM, and polish one surface of our
interest to optically smooth. The polishing steps are standard for TDTR experiment preparation.
A piece of sample is glued on the sample holder using crystal bond. We use diamond films with
various size subsequently: 9 um, 6 um, 3 um, 1 pm, and 0.5 pm at last on MetaServ 250
polishing machine with water turned on. We polish the sample on each film for 5 min using

speed of 80-100 rpm and very light hand pressure. After polishing, we wash the sample using
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running water and watch the surface under an optical microscope to check on the smoothness
and the directionality of structure.

Following the polishing step, the sample is put into a magnetron sputter machine to
deposit aluminum metal on top of the polished surface with targeted thickness being 80 nm. The
actually thickness can be calculated from the TDTR experimental data later, and aluminum

serves as the metal transducer for our measurement.

3.3 Characterization of the Directional Solidified Cu-P-Ag Alloy

To start working with the sample, a lot of the material properties are crucial and
necessary to be understood fully. We determine the crystal structures of the phases using XRD.
The result is shown in Figure 14 with copper phase labeled as green lines and copper (I)
phosphide (Cu 3P) labeled as blue lines. The structure of the directional solidified alloy is
characterized using different techniques. One of the traditional ways of studying the structure is
based on chemical etching on a smoothly polished surface. We find one recipe with fast and
reliable etching rate [42]. The Klemm'’s II regent changes the color of the polished surface in a
few minutes. After soaking, we raise the sample using generous amount of water to get rid of the
debris and remaining etchant. Then we record the image of the surface before and after etching
in an optical microscope to get the structure of phases. Figure 13 shows different parts of the
surface before and after etching, from which we did not see any lamellar like structure, but
circular pockets of one phase being etched away. Therefore, other techniques are required for
more accurate understanding.

Since we cannot see the lamellar structure from the sample, we suspect that our Cu-P

sample contains other impurities. However, the company that sells the raw material keeps other
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components as trading secrets, so we only get to find out that it is actually Cu-P-Ag alloy from
X-ray Fluorescence (XRF) measurement shown in Figure 15. In Fig. 15’s plot, we have
calculated the concentrations of each component with copper being 88.5 wt%, P being 7.3 wt%,
and Ag being 4.2 wt%. The Ag component is the reason that regular lamellar is hard to form.
One thing to note is that XRF is a topological measurement with certain confined beam size (1
cm in our measurement), so the actual distribution of the material may not be uniform. Our
estimation based on measurements on different locations shown that the composition change
between 1-2 wt%, which is a reasonable value for metal alloys.

Last but not least, we use Energy Dispersive X-ray spectroscopy (EDS) to further
confirm the elemental distributions of all elements in the phases. We see from Figure 16 that the
Ag component is only shown in the Cu rich phase region, and CusP phase is more likely to form
into bulky circular shape rather than the lamellar structure. Therefore, due to the nature of these

phases, it is not suitable for making a phase changing thermal switch using this material.

3.4 Thermal Mapping Reflectivity Measurement of the Cu-P-Ag Alloy

To further understand the optical properties of the phases, we did a TDTR reflectivity
measurement of the surface of the material. As shown in Figure 17(a), we picked a unique area
of 100 um with one phase forming an inverse Y shape from the optical microscope mode using
TDTR. The beam size we chose was 5.5 um. Then, a set of data was collected in the confined
square along the horizontal (x-axis) with 40 steps and vertical (y-axis) with 40 steps. The Vi,
Vou, Vin/Vout, and detector voltage are plotted via grey scaled color map. Since we did not
deposit any metal transducer, the surface is not ideal to plot Vi, /V,u along the phase boundary,

scratches from polishing, or the lamellar region where two phases alternate consequently. We
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have shown these odd values in red color in Fig. 17(d). In the detector voltage plot, we expect
that the higher detector voltage would correspond to the copper phase and the lower detector
voltage corresponding to the CusP phase since copper has a reflectivity near 1. However, we did
not see this trend from the plot. It is possible that since CusP is florescence in the visible light,
other types of secondary light is generated or scattered from the laser beam and being detected.
We can confirm that the two phases have very distinct reflectivity. Hence, it is possible to

extrapolate the difference in thermal conductivity of the two phases.

3.5 Thermal Conductivity Measurement of the Cu-P-Ag Alloy

For our bulk sample, we are interested in not only the thermal conductivities of different
phases, we also want to know the average thermal conductivity of the bulk material, which
provides the homogeneous state of the thermal switch at room temperature. Therefore, our first
approach is a thermal measurement of the bulk material.

The average thermal conductivity we measured is 13.34 W/mK for the bulk using a laser
beam size of 5.5 um shown in Figure 18. Since the thermal conductivity of this material is not
measured before, we calculated the thermal conductivity based on Weidemann-Franz Law to get
a theoretical value around 40 W/mK with electrical conductivity measured using four point
probe measurement to be 5.51X10° S/m. Although the TDTR measurement is not consistent with
the theoretical calculation, we suspect that our material contains other impurities and oxidations

on the metal surface to further lower the thermal conductivity from the theoretical value.
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3.6 Figures and Table

Table 1: Heating cycle for directional solidification experiment flowing in argon gas

Step Time (hr) Temp. (°C) Ramp (°C/min)
1 0.5 60 1.2
2 3 60 to 800 4.1
3 0.5 800 HOLD
4 OFF 25 N/A
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Figure 11: Phase diagram of Cu-P-Ag alloy (a) vertical section of Cu-P-Ag ternary phase

diagram at 7% P (b) vertical section of Cu-P-Ag ternary phase diagram of Cu-7.25%P to Cu-

5%P-15%Ag.

27



Com
iy line

URE S,

—‘-: ermo

SCIENTIFIC

2

1.6

A\ CAUTION
ot I

]
o e LINDBERG BLUE M = :
; — i "

Figure 12: The setup of directional solidification.

Figure 13: Tinted etched Cu-Ag-P alloy (a) optical microscope image of polished surface before

etching (b) optical microscope image of the same surface after etching (scale bar size 10 nm).
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Figure 16: Energy Dispersive X-ray (EDS) spectroscopy analysis based on the SEM image (top
left) of Cu-P-Ag sample. The phosphor, silver, and copper’s position and concentration are

represented by green, blue and red dots respectively.
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Figure 17: TDTR mapped area of the Cu-P-Ag sample with step size 2.5 pm and 40 steps along
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Vin versus Vou. The thermal conductivity we measured is 13.34 W/mK.
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CHAPTER 4
DIRECTIONAL SOLIDIFICATION OF CU-P EUTECTIC ALLOY AND THE

THERMAL PROPERTIES

4.1 Background

Copper phosphorus (Cu-P) alloy is one of the most economical alloys for lots of
engineering applications. From our research, depending on the area of application, Cu-P alloy is
used as deoxidant, alloying and wetting agent, brazing alloy, and as nucleant with different
amount of P concentration [43]. Most Cu-P alloy is added with other metals to increase its
mechanical properties, such as adding silver to lower the melting temperature and increase the
ductility, or containing iron due to the procedure of synthesis [44]. However, these types of
alloys are hard to form into lamellar structure as we have discussed in chapter 3, so the pure Cu-
P alloy is more suitable for our research.

The composition we are interested in for the directional lamellar structure is with 15.7
at.% (8.38 wt%) P [45]. As shown in Figure 19, it is one of the eutectic point compositions at the
corresponding eutectic temperature of 714 °C. Two of the solid phases below the eutectic
temperature are a-Cu phase and CusP phase. The volumetric ratio between a-Cu phase and CusP
phase is 61% and 39% respectively based on our calculation, which is one way to ensure the
possibility of getting directional lamellar structure, and gives us large ratio of anisotropic thermal

conductivity. Therefore, we predict this material is a good candidate for our application.

33



4.2 Preparations and Characterization
4.2.1 Synthesis of the Directional Solidification Sample

We purchased the raw material from Osaka Alloy Works, Co.,LTD. The exact
composition is 8.5 wt% P (slightly higher than the 8.38 wt% P eutectic composition). The
sample was received as metal shots with irregular shapes, which brings difficulty to polish into
thin sheets. It would be ideal to mechanically cut the shots into hundreds micrometer thin sheets
using diamond saw for easy assembly in the directional solidification step, but we did not done it
perfectly due to the limited time. What we have tried for cutting the shots into thin sheets is
using Electrical Discharge Machining (EDM). It did not work well for our material because it got
zinc contamination from the cutting wire into our sample with a zinc concentration around 10
wt%, and mechanical polishing off the top layer could not get rid of the contamination neither.
We suspect that because of the fast diffusion rate of zinc, accumulation of zinc would not happen
only on the surface. Therefore, we expect that we can get more systematic measurements after
cutting the sample into confined shapes. The rest of the preparation steps are the same as what
has been described in section 3.2.1 and the same apparatus as Fig. 12. The thermal gradient in
the furnace we used is 6.1 °C/mm and the pulling speeds we tried are between 1.59 mm/min and

15.9 mm/min.

4.2.2 Characterization and Preparation for the TDTR Experiment

The TDTR experiment requires an optical degree polished surface with a thin film metal
deposition as a thermal transducer. Before polishing the sample, we usually use SEM or optical
microscope to identify the surface of interest (along or perpendicular to the growth of the

lamellar direction), so we can polish the correct plane for our measurement. This step is usually
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involves with lots of manual skills and time consuming using our technique, which is hand
holding polishing using MetaServe 250 machine. Details about the polishing steps are the same
as shown in Sec. 3.2.2. We expect that using Focused lon Beam (FIB) machine would make this
step more accurate and more efficient in future. After polishing, we rinse the sample three times
using deionized water in sonicator for a few minutes to get rid of any remaining debris. Then, we
use magnetron-sputtering machine to deposition Al as metal transducer (targeted thickness at 80
nm) to the polished surface.

Although the sample needs to be carefully prepared in TDTR experiment, once we got
the prepared sample ready and calibrated the TDTR apparatus, the actual measurements can be

repeated fast to get a reliable averaged value [46].

4.3 Characterization of the Directional Solidified Cu-P Alloy

The directional solidified results of the Cu-P sample are much more ordered than the Cu-
P-Ag sample shown in Figure 20. We get straight lamellar structures in the solidification
direction at large area of hundreds of micron meters. The spacing of lamellae (two phases
together) we got is between 1.7 um to 2.5 um depending on different pulling speeds. In general,
a slow pulling speed tend to make the lamellar spacing wider compared with a fast pulling speed
in the range of 1.59 mm/min to 15.9 mm/min.

The polished surface used for lamellar spacing measurements and depositing the metal
transducer is shown in Figure 21. We verified from EDS that the bright phase is the Cu rich
phase and the dark phase is the CusP phase.

The SEM images of the sample after directional solidification are shown in Fig. 20. From

Fig. 20(a) and Fig. 20(b), we can see that the top surface is not completely flat due to different

35



surface tensions of the two phases, and the phases underneath the top runs straight downwards
with no overlapping, which is an indication of directional thermal gradient. We can see the
grating effect of light diffraction in the bulk in Fig. 20(c), which indicates large areas of the
ordered lamellar structure. The lamellar spacing is a critical factor for eutectic/eutectoid
materials to be used in optical area. For our application, it determines if we could use TDTR to
measure one of the phases or the average of the two phases based on the beam spot size, and it
also controls the thermal conductivities in different directions. To observe the structure growth of
the cross section, we polished our sample down to the middle as shown in Figure 22. The growth
direction is a little tilted from the perpendicular direction of the surface due to the direction of
pulling is not always staying at the same angle for the porcelain container. The growth near the
surface is much more straight shown in Fig. 22(a) than the inner part further away from the
surface in Fig. 22(b) because the heat diffusion direction is less ordered in the center part. In
future, it is the best to cut the sample into thin slices down to hundreds of micron meters. It
would be the best to solidify the whole bulk sample with ordered lamellae in future with more

refined parameters, but for now, the ordered area is good enough for our measurement.

4.4 Thermal Conductivity Measurement of the Cu-P Alloy

We measured the thermal conductivity of the directional solidified Cu-P alloy. With the
TDTR beam size chosen to be 5.5 um, the thermal conductivity perpendicular to the lamellar
direction is 8.23 W/mK using one sample with average lamellar spacing around 2 pm, which is
an average thermal conductivity of the two phases since the beam size is significantly larger than
the lamellar spacing. We did not get a reliable thermal conductivity value along the lamellar

direction. The reason is that it is hard to predict and polish perfectly along the lamellar plane in a
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tilted solidified angle, and the penetration depth of TDTR is not deep enough to cover an average
of the two phases, if we are not sure which phase is on the top surface and the thickness of the
top surface. For future studies, it is the best to use FIB to do the polishing under SEM, so we can
have more precise control. In addition, trying other thermal conductivity methods like Scanning
Thermal Microscopy (SThM) and 3-omega thermal measurement may work better than TDTR

because of larger penetration depth.
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4.5 Figures
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Figure 19: Phase diagram of Cu-P alloy.
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Figure 20: The directional solidified sample using a pulling speed of 15.9 mm/min (a) top
surface without polishing, (b) the cross-section of the sample, (c) the sample after experiment

showing light reflections.
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Figure 21: Directional solidified top surface with pulling speed of 1.59 mm/min.
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Figure 22: Cross-section of the directional solidified Cu-P sample.
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Figure 23: The TDTR thermal conductivity measurement of the directional solidified Cu-P
sample. The ratio is shown using data values of Viy/Vou. The thermal conductivity through the

top surface (along the lamellar direction) is measured to be 8.23 W/mK.
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CHAPTER 5

CONCLUSION

In this thesis, we have surveyed all the binary alloys, and find several candidates in the
eutectic and eutectoid categories for thermal switching applications. We have predicted the
thermal conductivity of each candidate from known values and theories. The structures upon
phase changing of many of these alloys are not studied previously. Therefore, directional
solidification of these candidates would be interesting topics alone or combined with other
anisotropic property applications like thermal switching.

We have demonstrated a simple method to direction solidify eutectic alloys. Two of the
samples we have tried are Cu-P-Ag alloy and Cu-P eutectic alloy. The Cu-P-Ag sample is
difficult to directional solidify due to the nature that Cu rich phase prefers to form isolated
circular pockets rather than lamellar. The structure of Cu-P eutectic alloy shows good lamellar
directionality with spacing between 1.7 um to 2.5 um depending on different pulling speeds and
different thermal gradients. The ordered lamellar structure we have achieved is about hundreds
of micrometers. Hence, with further refining the parameters and sample sizes, the ordered
structure can be increased to fit different applications.

For both of Cu-P-Ag and Cu-P eutectic samples, we have done the thermal conductivity
measurements via TDTR. Cu-P-Ag has a bulk thermal conductivity of 13.34 W/mK. Cu-P has an
in-plane thermal conductivity of 8.23 W/mK, and the out-of-plane thermal conductivity can be
measured accurately with fine polishing in future. In addition, other thermal conductivity
methods like Scanning Thermal Microscopy (SThM) and 3-omega thermal measurement may be

helpful as comparisons values.
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