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PREFACE

“More and more, we take for granted that work must be destitute of pleasure. More

and more, we assume that if we want to be pleased we must wait until evening, or

the weekend, or vacation, or retirement. ... In order to have leisure and pleasure, we

have mechanized and automated and computerized our work. But what does this do

but divide us ever more from our work and our products and, in the process, from

one another and the world? ... If I could pick any rule of industrial economics to

receive a thorough re-examination by our people, it would be the one that says that

all hard physical work is ‘drudgery’ and not worth doing.”

- Wendell Berry, “What Are People For?”
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ABSTRACT

Miers, Collier S. Ph.D., Purdue University, May 2019. Thermal Metrology for Waste
Heat Systems: Thermoelectrics to Phase Change Materials. Major Professor: Amy
M. Marconnet, School of Mechanical Engineering.

Accurate measurements are essential to further the advancement of a technical

field. This sentiment is particularly true for the thermal sciences, where due to the

indirect nature of temperature, the most critical physical quantity that we discuss is

often grossly mismeasured. This leads to substantial spread in reported experimental

data, which impedes progress. Here I present two systems for which a gap in current

measurement systems or experimental practices exists. First, I detail the design and

fabrication of a high-temperature Z-Meter which simultaneously measures pertinent

thermoelectric properties. Then I present work done to improve the design of phase

change material passive thermal management solutions and a new measurement plat-

form allowing the direct comparison of performance across a wide range of thermal

management designs.

In the first part of my dissertation, I design a Z-Meter system to evaluate the

performance of thermoelectric materials under large temperature differences. Few

systems exist for simultaneous measurement of thermal, electrical, and thermoelec-

tric properties at high-temperatures (> 400℃), which is crucial for high-temperature

waste heat recovery applications. The Z-Meter simultaneously measures the three

thermoelectric properties from which the figure of merit, ZT , is calculated. Tradition-

ally, this technique has been employed utilizing a very small temperature difference

across the sample (∆T = 1-2℃) and test temperatures between 20-400℃; however,

thermoelectric materials are typically subjected to large temperature gradients for

favorable energy conversion. Additionally, high operating temperatures (> 400℃)

provide access to higher grade waste heat than is available at low temperatures.
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It is critical that materials be characterized under conditions close to the targeted

operating conditions, because the relevant properties possess strong temperature de-

pendencies.

In this work, I focus on extending the measurement capabilities for a Z-Meter to

higher temperatures (∼ 1000℃). In order to accomplish this, I develop detailed 2D

axisymmetric multi-physics finite element analysis (FEA) simulations of the system

components and measurement process to extract simulation values at the probe loca-

tions in the system. This simulated “experimental” data is passed as the input for the

uncertainty quantification (UQ) model to statistically compare design options, eval-

uate the impact of component modifications on the overall system performance, and

to provide the quantitative data required to deselect options from the design space

and determine the final Z-Meter design which minimizes the measurement error for

ZT . The UQ model for the meter bars includes effects from radiative losses, contact

resistances, thermoelectric effects, and interaction of electrical measurement signals

in the bar. The detailed UQ model combined with the fully-coupled multi-physics

simulations results provide a powerful platform to investigate the sensitivity of ZT

to specific design variables (e.g., component positioning, material selection, or sensor

type) which is invaluable for determining the correct system design.

The system, as designed, is capable of sample hot side temperatures of 1000℃

with temperature gradients on the order of 500℃. The elevated temperature capa-

bility is necessary to fill a gap in characterization equipment for high-temperature

thermoelectric applications. In order to maximize the accuracy and repeatability of

high-temperature measurements, I instrumented the meter bars with fine gauge type-

S thermocouples. The measurement system is capable of operating in high-vacuum

to suppress convection losses or it can be backfilled with an inert gas permitting at-

mospheric control for testing under specific environments. This is the first Z-Meter

to permit the adjustment of interfacial loading during the test without disturbing the

test environment (temperature or pressure). This allows the user to maintain a more

consistent contact pressure across a wide range of temperatures and provides the pos-
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sibility for load dependent investigations of thermoelectric performance. Additionally,

a triad of load cells provide in situ load monitoring and ensures uniform loading for

the sample interface. The combination of simultaneous property measurement, high-

temperature operation with large temperature gradients, user controlled mechanical

loading, and a flexible operating environment provides opportunities to investigate

high-temperature thermoelectric property dependencies and opens the doors to a new

understanding of thermoelectrics for high-temperature waste heat recovery.

In the second part of this dissertation, I design and measure the performance of

phase change material (PCM) composite heat sinks for passive thermal management

of mobile devices. PCMs are effective at storing thermal energy and are attractive

for use in electronics to smooth peak temperatures during periods of high demand;

however, the use of PCMs has been somewhat limited due to the poor thermal prop-

erties of the materials. Here, I propose a design for a tunable composite PCM heat

sink for passive thermal management in electronic systems and develop an improved

test platform to directly compare performance between different designs and PCMs.

The composite design leverages high conductivity pathways, which are machined into

aluminum heat sinks, back-filled with PCM, and sealed for testing. Two package sizes

(25 and 50 mm) are considered, with several internal fin structures (no fins, isogrid,

and isokite). All designs are tested using the new thermal management evaluation

platform (TMEP) developed to permit testing with realistic power profiles, increase

user control of power maps (spatial and temporal), control interfacial loading, and

allow in situ temperature measurement. The composite PCM heat sinks are bench-

marked against solid aluminum packages of the same size to gauge the extent of the

performance enhancement derived from using composite PCM structures. This study

focuses on three commercially-available PCMs: PureTemp 42, PureTemp 68, and Plu-

sICE S70. Performance is evaluated based on (1) the time it takes the test heater chip

below each composite PCM package to reach the cut-off temperature of 95℃ and (2)

the period of a full melt-regeneration cycle. A range of heat fluxes are considered in

this study spanning 6.8 - 14.5 W/cm2. The isokite design with PlusICE S70 extends
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the time to reach 95℃ by 36.2% when compared to the solid package, while weigh-

ing 17.3% less, making it advantageous for mass-limited platforms and mobile devices.

This dissertation work develops unique measurement platforms. Careful attention

to measurement precision and uncertainty quantification while designing these sys-

tems ensures the utmost system quality, highest measurement performance, and best

functionality for the user. It is the first Z-Meter to have fully adjustable interfacial

loading available during the experiment and pushes the temperature range and sam-

ple temperature gradient beyond existing systems enabling researchers to characterize

materials under realistic operating conditions. In parallel, I developed a turn-key ther-

mal management evaluation platform for performance testing of enhanced composite

PCM heat sinks. The TMEP is a fully mature, user-ready system now available

for testing thermal management solutions. This system provides full user control of

a thermal test vehicle instrumented to allow individual control within an array of

heaters for realistic testing patterns with an easy to use graphical user interface. Fur-

ther, I developed a passive thermal management device to enhance performance and

efficiency of passive PCM cooling solutions in mobile devices. The improvement in

high-power operation time combined with the reduced weight compared to systems

without latent heat storage makes these composite heat sinks advantageous for mo-

bile device thermal management.

In summary, the core contributions of this dissertation include:

(1) A high temperature Z-Meter allowing the simultaneous measurement of the prop-

erties required to define the thermoelectric figure of merit, and

(2) Design and testing of an enhanced composite phase change material heat ex-

changer for passive thermal management of mobile devices. A new thermal man-

agement evaluation platform is developed and presented to facilitate accurate perfor-

mance characterization for these designs.
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1. INTRODUCTION

1.1 Motivation for Improved Thermal Metrology

The need for more efficient use of energy around the world is constantly driv-

ing advances in materials and processes, but how do we gauge the progress of these

improvements? With the development of better materials comes the necessity for sim-

ilarly advanced measurement techniques to support continued improvement. Thermal

metrology is inherently challenging owing to the indirect nature of temperature mea-

surement and the extensive background knowledge necessary to accurately conduct

experiments. As such, many modern experiments and characterization methods used

throughout the field suffer from very large, typically unacknowledged, uncertainty in

temperature measurements. In this work, I address these common issues and provide

some improvements by investigating two cases where thermal measurement techniques

need further refinement: thermoelectrics (TEs) and phase change materials (PCMs).

1.2 Thermoelectrics

1.2.1 Motivation for Improved Thermoelectric Performance

Lawrence Livermore National Lab (LLNL) periodically quantifies the breakdown

of energy production, usage, and waste in the United States. In particular, the LLNL

2018 study of energy mapping, as shown in Figure 1.1, reported that an estimated

101.2 Quads1 of energy were used in the United States in 2018, and that 68.5 Quads

of that energy, or approximately 68%, was lost as rejected energy, referred to as waste

heat [1]. This quantity of waste heat is enormous - converting to Watt-hours that is

20.08 PW·h (1015 W·h). For comparison, the U.S. Energy Information Administration

1A Quad stands for one quadrillion British Thermal Units (BTUs) of energy.
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Figure 1.1. A Sankey diagram created by researchers at Lawrence
Livermore National Laboratory showing the estimated energy usage,
breakdown, and flow for the United States in 2018. Reproduced with
permission from Lawrence Livermore National Laboratory.

reported the average annual electricity consumption for a U.S. residential customer in

2017 was approximately 12,000 kW·h [2]. Thus, the amount of energy lost as waste

heat from 2018 alone could power an average household for more than 1.6 billion

(109) years. This scale of wasted energy motivates many researchers around the

world to make strides to develop advanced methods for utilizing waste heat. There

are many technologies currently in use that work well to reclaim energy from waste

heat sources, thus improving process efficiency, but these systems tend to be large,

immobile, and are typically expensive to service. An alternative to these complex

pieces of machinery comes in the form of something much smaller, highly mobile,

and devoid of moving parts: a thermoelectric generator (TEG). TEGs are not a new

technology and much research has focused around them for over fifty years in an
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attempt to improve performance, but there still exist significant gaps in this field to

be addressed.

1.2.2 Summary of Modern Improvement Efforts

The major downside to thermoelectrics is that they are relatively expensive com-

pared to the energy produced with reasonable temperature gradients. In other words,

TEGs have a relatively high $/W price when compared to competing alternative tech-

nologies such as photovoltaic (PV) cells [3]. Additionally, many of the materials that

perform decently well in TEGs tend to be comprised of rare or toxic materials, which

precludes wide-spread implementation. These devices still see service in situations

that require long-term operation and reliability without maintenance, such as remote

sensing or space missions. Even for the best thermoelectric materials, it is necessary

to optimize module design and geometry to achieve the highest output. An alterna-

tive route is to optimize scalable processes and manufacturing capabilities to drive the

cost of moderately efficient TEGs down, making the $/W for TEGs more competitive

with PV cells and other alternative energy technologies.

1.2.3 Improved Metrology for Thermoelectrics

The advances in modification and tuning of material properties for improved ther-

moelectric performance are very promising, but when it comes to the coupled nature

of thermoelectric materials, researchers have encountered some measurement chal-

lenges. The thermoelectric figure of merit,

ZT =
S2σ

κ
· T , (1.1)

is comprised of three separate properties: the Seebeck coefficient, S, electrical conduc-

tivity, σ, thermal conductivity, κ, and the mean temperature of the thermoelectric

material, T [4]. Due to the standard measurement processes for these materials,

researchers often use at least three separate instruments, and separate samples, to
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perform the property characterizations required to evaluate the figure of merit. This

can introduce considerable errors resulting from different sample compositions, fab-

ricated sample geometry, contact conditions, and disparities in measurement condi-

tions, environment, and losses. Thermoelectric materials cannot be assumed to be

homogeneous throughout a lot or sample batch, thus even studies on samples taken

from the same lot cannot be directly compared without addressing the error resulting

from sample-to-sample variations. Small differences in fabricated geometry can be ac-

curately measured and addresses as the geometry of the sample is typically required

to perform property characterization. However, researchers should avoid aggregat-

ing data or directly comparing samples with disparate form factors (e.g., use of bulk

property measurement data to characterize a thin film or vice versa). If separate

measurement methods are used to determine an aggregate property such as ZT , the

sample must be measured in the same orientation for all properties. This means that

it is generally not appropriate to mix different property values measured for the in-

plane and cross-plane orientations to determine ZT . Even with all of these points

addressed, a direct comparison between results from different techniques and/or sys-

tems requires the exact same measurement conditions, test environment, and losses.

The compounded errors introduced from multiple measurement techniques and sam-

ple variability make the process of accurate thermoelectric property characterization

extremely tedious. Careful consideration must be paid to a large number of test pa-

rameters and variable factors across several systems and samples to properly match

data to form a composite ZT . Failure to adequately do this leads to erroneous values

of ZT reported in literature and considerably impedes the feedback process for tuning

new materials. An alternative to this separate property measurement is simultaneous

property measurement on a single sample. This approach is attractive as it effectively

removes errors stemming from sample variability and different operating conditions

and measurement temperatures to form a temperature dependent property charac-

terization for the constituents of ZT . The motivation behind the first part of this
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dissertation is to present an overview of the design concerns and fabrication for such

a simultaneous measurement system.

1.3 Phase Change Materials

Thermal management is critical for reliable operation of electronic devices. As

the trend predicted by Moore’s law continues, higher processor densities in electronics

creates serious problems for efficiently removing heat [5]. This problem is compounded

for portable electronics, as these devices are not only shrinking in size, but also have

limited available power and options for rejecting the heat from the device to keep the

junction temperature below a critical level of approximately 125℃ [6,7]. Traditionally

active cooling schemes are utilized to remove heat from high-density electronics, but

these techniques are not feasible for use in portable electronics due to size/weight,

increased power requirements, and user experience limitations (based on comfort and

safety). Therefore, to address this problem, passive thermal management schemes

must be employed. Generally this involves a network of heat spreaders or heat pipes

integrated into the device that help to move heat away from the processor locations

diffusing the high temperatures and rejecting heat to the ambient through the screen

or body of the device [8, 9]. Additionally, most portable electronics do not have

sustained high computational loads, but rather short surges of computational demand.

These brief surges result in high-temperature spikes inside the device while the heat

is diffused and rejected. These periodic temperature spikes and large temperature

swing thermal cycles are bad for component reliability, leading to premature failure.

However, there exists a thermal management scheme well tailored for periodic loading

of this nature: phase change material (PCM).

PCMs are well suited for use in portable electronics due to their passive operation,

and combination of sensible heat storage with latent heat storage resulting from a

phase transition. This combination yields a higher thermal storage capacity than pos-

sible with sensible heat storage devices of comparable volume. Additionally, during
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this phase transition, the temperature of the PCM remains relatively constant, which

is a desirable condition for extending the time for a system to reach a critical temper-

ature. There remains a barrier to wide implementation of PCM in electronics: the

poor thermal properties of many common PCMs [10]. Researchers have investigated

approaches to quantify the effectiveness of PCM integration into electronics cooling

both numerically and experimentally. A broad range of experimental approaches are

considered in literature, many using different metrics by which to judge the oper-

ational performance for the PCM thermal management performance. This makes

comparison of data for different approaches and materials extremely difficult. This

combined with no standard method of testing these materials results in fragmented

results that are unlikely to be stitched together to find a practical solution.

Past studies on PCMs built an understanding of specific processes involved in the

implementation of composite PCM thermal management packages; however, it is very

difficult to compare data between experiments and models, both of which typically

apply to specific use cases. In order to better study performance of packaged PCM

heat sinks, I propose a general test method allowing direct performance comparison

across different types of PCMs and packages with realistic, quantifiable heating and in

situ temperature measurements. The PCM portion of this dissertation first describes

the methodology for PCM selection, then the design of the composite heat sinks, the

development of a highly versatile test platform for performance testing, and finally

presents results from testing commercial PCMs in the designed packages.

1.4 Scope of Work

Two main contributions of this thesis include:

(1) Improved metrology techniques that usher in new possibilities for thermal and

thermoelectric characterization through truly unique measurement platforms that

will serve to attract new collaborations, and

(2) Development of a passive thermal management device to enhance performance
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and efficiency of cooling solutions in mobile devices.

Improved metrology techniques: In terms of the first aspect of the scope of work,

this work focused on two systems:

• The completion of the Z-Meter fills a measurement gap in the field for simulta-

neous property characterization of high-temperature thermoelectric

materials. As designed, the Z-Meter can operate with sample hot side temper-

atures of ∼ 1000 ℃, under large temperature gradients ∆T ∼ 500℃, capable

of a variety of testing atmospheres (air, vacuum, N2, Ar, and He) and houses a

load cell triad to provide in situ monitoring of the contact force to the sample.

A unique feature to this Z-Meter is the ability to adjust the contact loading

from outside the chamber, without breaking vacuum or purging the test envi-

ronment. This means that pressure accurate pressure dependent contact studies

are now possible at high temperatures. The system design was developed by

constructing multi-physics simulations of the system components and measure-

ment process, then using this model output as the input to an uncertainty

propagation model. This tool enables powerful characterization capable of in-

vestigating unique problems and providing new directions for existing research

with high temperature thermoelectrics.

While the primary design focus for the Z-Meter is to simultaneously measure

thermoelectric properties, this versatile tool is capable of so much more. The

system is ASTM D5470 compliant making it ideal for high-temperature studies

on both the thermal (and electrical) properties for thermal interface materials

(TIMs). In addition to TIMs materials such as ceramic or glass insulator and

wafers can be measured in the system. Finally, the system can be used for the

characterization of an actual thermoelectric generator if it is small enough to fit

well on the bar interface, otherwise, secondary bars could be made to expand

the testing possibilities for the Z-Meter system.
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• The developed turn-key thermal management evaluation platform (TMEP)

for investigating active or passive thermal management technologies and which

provides full user control over spatial and temporal power profiles, controllable

interfacial loading, and in situ temperature monitoring within the test die. This

system is built around a thermal test vehicle (TTV) and allows realistic power

profiles and temperature maps to be applied simulating actual device condi-

tions. This test system is fully automated and controlled through a custom,

easy to use graphical user interface (GUI).

Much like the Z-Meter, the TTV platform is very versatile and provides many

options for value-added measurements by using this existing system. Beyond

PCMs, it could be used to benchmark TIMs. Another valuable side-purpose

of this system can be to use it for head-to-head comparison testing of passive

versus active cooling technologies on the same TTV under the same conditions.

Between the Z-Meter and the TTV, we can cover a very large range of TIMs

research, from fundamental property measurements to simulated performance

testing on the TTV or direct performance evaluation in head-to-head studies

with other technologies.

Passive Thermal Management Solution: In terms of the second aspect of the

scope of work, I developed a novel design for an enhanced composite PCM heat sink,

which allows easy tuning of the structure during the design phase to maximize PCM

heat sink performance for a large range of operating conditions. These heat sinks

are the focus of a comparison study which would validate the performance of TTV

platform. The home-built aluminum packages are combined with three off-the-shelf

PCMs to test the design and the TTV system: PureTemp 42, PureTemp 68, and

PlusICE S70. Two package sizes (25 and 50 mm) are considered and I present two

enhanced package designs (isokite and isogrid) as well as two controls (no fins and

solid package - no PCM). The main function of the control samples is to provide an
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accurate and repeatable baseline to compare against. The tests were conducted at

three heat fluxes: 7, 11, 14 W/cm2, typical for current mobile electronic devices.

One metric to evaluate the composite PCM heat sinks it to compare the time that

it takes for the maximum temperature on the test die to reach 95℃, which served as

a cut-off temperature for these tests. The isokite design with PlusICE S70 extends

the time to reach 95℃ by 36.2% when compared to the solid package, while weighing

17.3% less, making it advantageous for both mass-limited platforms (e.g. spacecraft

or aerospace vehicles) and mobile devices. Further cycling studies and measurement

of PCM sub-cooling during regeneration were also successful using the versatile set of

tools I incorporated into the TMEP. The second part of my dissertation details the

novel PCM heatsink designs, the operating user overview and details for using the

TMEP, and presents the results of my study on the PCM heat sinks.

1.5 Overview

The remainder of this dissertation is organized into two parts: (I) thermoelectrics

and (II) phase change materials.

The first part, containing chapters 2 - 6, focuses on simultaneous measurement of

thermoelectric properties through the design and fabrication of a high-temperature

Z-Meter. Chapter 2 provides a review of characterization techniques for thermo-

electric properties, and an overview of the operating principles behind the Z-Meter

measurement. In Chapter 3, I present the design and development of the Z-Meter in

comprehensive detail. Chapter 4 lays out the data analysis for the Z-Meter measure-

ment and presents a detailed uncertainty quantification model utilized throughout

the instrument development process to motivate design choices. Chapter 5 presents

the initial results for the Z-Meter system. Chapter 6 is a summary of the thermoelec-

tric work for my dissertation. It also contains my proposed future directions for the

Z-Meter and I suggest improvements for further enhancement of the system.
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The second part, containing chapters 7 - 11, presents my work on performance

evaluation of PCMs for use in passive thermal management of electronics. Chapter

7 provides background and motivates the need for improved performance evaluation

of PCM thermal management in electronics. In Chapter 8, I present the tunable

package design for enhanced composite PCM heat exchangers. Next, in Chapter 9, I

describe the development of our thermal test vehicle (TTV) characterization platform

to improve testing performance and versatility by permitting a single test system to

be used for a wide range of operating conditions. In chapter 10, I present the data

obtained for the performance of the PCM packages using the TTV characterization

platform. In addition to the data on the performance of the composite PCM heat sinks

for extension of operation time before reaching the thermal cut-off temperature, I also

investigate the regeneration of the packages and measure the extent of sub-cooling

experienced by the PCMs. Finally, chapter 11 documents my recommendations for

future avenues to explore with the development of the composite PCM heat sinks.



PART I: SIMULTANEOUS THERMOELECTRIC PROPERTY MEASUREMENT
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2. THERMOELECTRIC CHARACTERIZATION

This chapter first details some of the widely used techniques to measure the individual

material properties that comprise the figure of merit, ZT. Then we introduce direct

and simultaneous measurements of ZT focusing on the Z-Meter approach that will be

further developed as part of this thesis.

2.1 Separate Property Characterization

2.1.1 Seebeck Coefficient

The measurement of the Seebeck coefficient is typically done one of two ways: the

integral method or the differential method. The integral method requires the sample

to be in wire form and is not practical for most thermoelectric materials, outside

those used for thermocouples; therefore, it is not discussed in detail here, but can be

found in literature [11]. The differential method is better suited for determining the

Seebeck coefficient of bulk materials. In this method, a bulk sample is held under a

known temperature gradient and the open circuit voltage is measured directly from

probes on the surface of the sample. The ratio of the open circuit voltage to the

temperature difference is the Seebeck coefficient,

S =
VOC
∆T

. (2.1)

The voltage and temperature difference must be determined at the exact same lo-

cations for the accurate determination of the Seebeck coefficient. It is imperative

that consistent treatment of the definition of temperature difference compared to the

direction of voltage measurement is observed, because this can easily result in an

incorrect sign for the Seebeck coefficient. Additionally, note that the measured (rela-

tive) Seebeck coefficient will be different from the absolute Seebeck coefficient. This
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is because the value measured is due to both the sample and any connecting leads

which will also be under temperature gradients. The absolute Seebeck coefficient can

be found by subtracting the system lead contribution [11,12].

2.1.2 Electrical Conductivity

Electrical conductivity can be difficult to accurately measure due to the relatively

high value of conductivity for good thermoelectric materials combined with the small

sample thicknesses. Electrical conductivity or resistivity is typically measured using

a four-wire Kelvin probe setup to eliminate electrical contributions from the measure-

ment leads. Two probes supply current to be passed through the sample, while two

more probes measure the voltage drop across the sample. When this technique is done

for an isothermal sample, making sure to keep the sense current low to minimize any

impacts from Joule heating, the resistance of the sample can be measured directly;

however, this requires the sample to be brought into an isothermal state, while the

Seebeck coefficient and thermal conductivity measurements both require thermal gra-

dients. A further complication of this measurement is the presence of Peltier heating,

q = I/Π which heats or cools at the contact junctions between dissimilar metals when

a current is passed through them.

Since it is not practical to measure the electrical conductivity under isothermal

conditions, it is then natural to consider measurement under the same temperature

gradient required by the other two property measurements. Thermoelectric materials

have a substantial Seebeck coefficient, so the total voltage drop measured across a

thermoelectric sample under a temperature gradient will be the sum of both the ohmic

and Seebeck voltages:

Vtot = Vohm + S ·∆T, (2.2)

where Vtot is the total measured voltage and Vohm is the ohmic voltage drop across

the sample. It is not uncommon for the ohmic voltage contribution to be of the same

order as the Seebeck voltage in thermoelectrics [12]. These effects can be separated
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by fast measurements and current reversal. If the measurement is performed in ap-

proximately 1-2 seconds, then the time for Peltier heating to develop is minimized.

Additionally, if the current direction is switched (with a fixed temperature gradient),

the contribution of the Seebeck voltage can essentially be eliminated to yield a more

accurate measurement of the ohmic voltage [13,14]:

VOhm =
[VI+ + S∆T ]− [VI− + S∆T ]

2
. (2.3)

A precision resistor (0.1%) in series with the sample is often used to accurately mea-

sure the sense current used.

2.1.3 Thermal Conductivity

Thermal conductivity is generally the most challenging property to characterize

accurately of the three properties that make up ZT. There are many ways of measuring

thermal conductivity, and three of the most commonly used methods for measuring

thermal conductivity of thermoelectric materials are briefly presented here.

The 3ω Method

The 3ω method is an effective to measure thermal conductivity. It is very accurate

and minimizes issues of contact resistance through the use of periodic heating at the

sample surface. In this method, a current at frequency ω is supplied to a heater line

that is deposited and patterned on the surface of the material. Joule heating and,

thus, the temperature variation of the heater line occur at twice the heating frequency,

2ω. The heater line also functions as a temperature sensor since the metal is typically

chosen such that it has a strong temperature coefficient of resistance (TCR), e.g.,

platinum or palladium. The resistance change of this metal line with temperature

occurs at frequency 2ω matching that of the temperature oscillations. The resulting

measured voltage across the heater line (i.e., the supplied current oscillating at 1ω

multiplied by the resistance oscillating at 2ω) includes both 1ω and 3ω harmonic
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components. The third harmonic voltage is directly related to the amplitude of the

temperature oscillations of the heater on the sample surface. The amplitudes of the

temperature oscillations depend on the properties of the underlying material and

the contact resistance. Sweeping through a range of frequencies enables extraction

of thermal conductivity. This technique is discussed in great detail in my Master’s

thesis [15], and I refer the reader to it for additional information on this technique

[16–24].

Laser Flash

The laser flash method measures the thermal diffusivity, α, and specific heat, CP

of the sample. The relationship between thermal conductivity and thermal diffusivity

is, α = κ/ρCP , where ρ is the density. This measurement is performed by irradiating

the face of a sample with a sub-millisecond laser pulse, while observing the opposite

side of the sample with an infrared photodetector that measures the temperature rise.

The thermal diffusivity is determined from the evolution of the backside temperature

with time. The specific relationship between the temperature evolution and diffu-

sivity depends on the system and how many non-ideal measurement parameters are

taken into account. The original proposed method assumes and isotropic sample with

adiabatic boundary conditions [25].

The specific heat can either be measured simultaneously during the laser flash

measurement by knowing the absolute temperature rise of the sample based on the

amount of heat input. However, uncertainty in the absorptivity of the sample can

lead to significant uncertainty in heat capacity with this method. Thus, it is common

for the sample to subsequently be measured using a differential scanning calorimeter

(DSC) to determine the heat capacity of the material at all necessary measurement

temperatures separately from the laser flash measurement. In a DSC measurement,

a known standard material, the sample, and an empty DSC pan are subjected to

the same heat fluxes and the differential power required to heat the known standard
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material, sample, and empty pan at the same rate are recorded. The results for

the empty pan are used to correct for the impact of the materials being housed in

measurement pans for the system. Then based upon masses of the standard and

sample, and the known specific heat of the standard material, the specific heat for

the sample is computed.

Reference Bar Method

The reference bar method compares the thermal gradients in an sample with un-

known properties to the thermal gradient in reference bars of known thermal conduc-

tivity. This method is widely used for the measurement of thermal interface materials

and other solids with relatively low thermal conductivities.

Specifically, the sample is sandwiched between two bars of the reference material

and 1D conduction is assumed between two bar faces . Typically, the reference bars

are metallic and instrumented with several temperature sensors along the axis. These

measurement points provide known temperatures at known distance increments along

the bar. Paring this information with the known thermal conductivity of the reference

bar, the heat flow through the bar and thus through the sample can be determined

using Fourier’s law:

q = −κAC
∂T

∂z
. (2.4)

Both the top and bottom bars holding the sample are used as reference bars for

monitoring heat flow through the sample, as shown in Figure 2.1. Specifically, if the

heat transfer rates in the top and bottom bar match, this must be the same heat

transferred through the sample. If the heat transfer rates in the top and bottom bars

do not match, this indicates a departure from ideal operation, and a higher order

model must be employed to account for losses along the bars and from the sample.

The temperature profile is extrapolated in each reference bar to the sample-

reference interface to estimate the temperature drop across the sample. Knowing
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Figure 2.1. Idealized schematic of the reference bar method the show-
ing temperature profile (without losses) and measurement locations.
Note that this example system includes probes for both voltage and
temperature to enable measuement of thermal and electric properties.

the heat flow through the sample and the temperature drop across the sample allows

the thermal conductivity of the sample to be determined.

Note that extremely smooth and flat interfaces are required to minimize contact

resistance at the sample. The ASTM D5470-17 standard calls for the surfaces to be

smooth within 0.4 microns and parallel to within 5 microns and specifies a contact

pressure between 0.69 MPa (100 psi) and 3.4 MPa (500 psi) [26].
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2.2 Need for Simultaneous Measurements of TEs

Traditionally, the parameters for the figure of merit, ZT, have been measured

individually, then combined to form a composite ZT, but this often involves con-

ducting at least three separate experiments on at least three separate samples while

trying to maintain the same testing conditions and sample consistency. This often

leads to unacknowledged sizable errors for the reported measurement and certainly

is more time/labor intensive for the researcher. Additionally, articles have reported

data with the properties measured in varying configurations,i.e., electrical properties

are measured in-plane, while the thermal properties are measured in the cross-plane

configuration [27]. This occurs due to the difficulty of cross-plane electrical charac-

terization and in-plane thermal conductivity measurements, but this superposition

of measurement properties is not a valid measurement for thermoelectric materials

as they tend to be highly anisotropic and cannot be generalized with this compiled

measurement approach.

Even under ideal comparison conditions, large variability can still exist in the

measurement of TE properties. Wang et al. [28, 29] demonstrated this in a round-

robin study, published in 2013, investigating the inter-laboratory repeatability of

thermoelectric material characterization. This study used two sets of p-type Bi2Te3

samples, tested at seven labs around the world using the same instruments: laser

flash systems from Anter Corp or Netzsch Manufacturers within valid calibration

periods. The sample variance was 1.54%, but the measurement variance for the

thermal diffusivity measurement alone was 6.8% at 300 K and rose rapidly to over 14%

at 475 K [29]. This study highlights the measurement complexity of thermoelectric

properties and the necessity of careful consideration and system design when it comes

to their measurement. If measured properties vary this much for a well controlled

study, imagine the variance for all the studies reported in literature. Simultaneous

measurements will not solve every measurement problem with thermoelectrics, but
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they can provide a better controlled platform for the measurements and help to reduce

the uncertainty and variance of measured properties for new materials.

2.3 Z-Meter Overview

2.3.1 Description of System Operation

A Z-Meter is an instrument that is used to simultaneously measure, on one sam-

ple, the three thermoelectric properties, S, σ, and κ, from which the figure of merit,

ZT, is calculated [30]. This instrument consists, at its most basic level, of two bars of

a material with known properties arranged axially, between which the thermoelectric

sample is clamped. One end of the bar assembly is heated, while the other is cooled,

thus inducing heat flow through the bars and sample. Temperature sensors are in-

stalled at known distances along the bars to determine the heat flow, as the thermal

conductivity of the bar material is well characterized with temperature. The bars are

also equipped with electrical connections to permit the electrical properties across

the sample to be monitored. Traditionally, this technique has been employed utiliz-

ing a very small temperature difference across the sample (∆T ≈ 1 − 2℃) and test

temperatures between approximately 20 - 400℃, but thermoelectric materials must

generally have sizable temperature gradients across them to achieve desirable perfor-

mance [31,32]. Therefore, the best way to evaluate the performance of the materials

under large temperature differences is to characterize them under such gradients [33].

2.3.2 Background/Prior-Art

In 1955, E.H. Putley [34] described an apparatus to measure the thermoelectric

properties of lead selenide (PbSe) and lead telluride (PbTe). Putley welded dual leads

of 203.2 µm diameter platinum wire at each end of a sample, then brought these four

leads out to electrical connections to permit current to be run directly through the

sample, or passed through a pair of leads to create a temperature difference across
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the sample via resistive heating. Four type-K thermocouples of 50.8 µm diameter

were welded directly to the sample to ensure low resistance ohmic contacts and mea-

sure both the axial and transverse temperature differences. Additionally, each axial or

transverse pair of thermocouples was used as potential probes to measure the potential

differences. Measurements at elevated temperatures were made by placing the sample

holder inside a furnace made from a heater wound around a silica tube [35]. This ap-

paratus could directly measure the electrical resistivity, utilize the small temperature

difference to determine the Seebeck coefficient, and calculate the thermal conduc-

tivity from steady-state, adiabatic conditions. Independently, T.C. Harman [36, 37]

proposed a method which also utilized a temperature difference created by the Peltier

effect, and showed that the figure of merit could be directly determined from a ratio

of the absolute Seebeck voltage and the ohmic voltage of the sample,

ZT =
VSeebeck
Vohmic

. (2.5)

The transient Harman technique is widely used to directly determine ZT for thermo-

electric materials, but is limited to small temperature differences [38–40].

The first Z-Meter was created by L. S. Phillips [41] circa 1965. The lack of in-

tegrated characterization methods for thermoelectric materials at elevated tempera-

tures, 100 - 600℃, such as those found in direct conversion nuclear power generators,

motivated his work. The developed design was capable of generating temperature

gradients across the sample of ∼10℃ for thermal conductivity and ∼100℃ for See-

beck coefficient measurements. While this system permitted the use of a single system

to carry out the necessary measurements for determining ZT, the measurements were

still performed separately. Muller [42] was the first to construct a Z-Meter with the

capabilities for measurements under large temperature gradients. Several other re-

searchers have created Z-Meters as summarized in Table 2.1, but the system that

sparked the inspiration for this work was started by Mayer [43,44], then improved by

Amatya [33]. Their high-temperature Z-Meter system has many of the same goals as

my system design, but due to the thermal losses within their system, they were not

able to reach the desired high temperatures.
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The high-temperature Z-Meter of Mayer and Amatya [33, 43, 44] was capable of

large ∼ 250℃ temperature gradients and simultaneous measurements to extract all

three thermoelectric parameters. Additionally, it permitted the direct measurement

of conversion efficiency and the power density for a single thermoelectric leg. This

system was capable of high-vacuum operation, although outgassing issues prevented

them from achieving their desired vacuum level. The heat source was a HeatWave

Labs button heater with a temperature controller capable of stable ±1℃ temperature

control at temperatures up to 1200℃. However, the maximum reported hot side

temperature achieved in the system was 440℃. The system was designed using a

single-sided copper reference bar placed below the sample and instrumented with

type K thermocouples. Gold plating the copper bar reduced radiation losses at high

temperatures. The electrical resistivity was measured using the traditional DC voltage

sweep with a Kelvin probe configuration integrated into the bars and an active load

similar to that described by Müller [42]. This active load permitted load matching to

measure the maximum efficiency and to determine the electrical conductivity from the

load matched condition. But, they noted that the powered FET load matching circuit

had higher electrical parasitics than the traditional Kelvin approach [33]. Finally, this

system had a piezoelectric strain gauge integrated for measurement of the interfacial

loading at the sample.

The work in this dissertation differs from past work in that I have designed the

system with the primary intent of reaching high temperatures, up to 1000℃ with

large temperature gradients (∼ 500℃) across the sample. A major contribution of

this system is the careful thermal design and target of achieving high temperatures

from the outset. This permitted all components to be designed specifically to enable

the system to achieve high temperatures. I utilize a vacuum controlled environment

to minimize convection losses, but also take great pains to minimize my outgassing

budget to achieve these low vacuum levels and preserve the cleanliness of the system

avoiding contamination. This is particularly critical for the high-accuracy temper-

ature sensors, which are subject to contamination in a high-vacuum environment if
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cleanliness standards are not maintained, discussed more in Section 3.4. This is ac-

complished through adherence to high vacuum design practices, material selection,

cleaning procedures, and installation practices. Our system also has a triad of load

cells for monitoring loading uniformity during testing, and due to a novel loading

scheme for Z-Meters, the system also permits modification of the interfacial load-

ing without disturbing the system environment or breaking vacuum. Finally a nearly

continuous data acquisition scheme (less than 200 ms between complete measurement

sweeps) is utilized, which does not require that sample temperatures be equilibrated

during the testing run for property measurements to be collected permitting future

use in investigating slow transient heating or cooling cases. This system fills a need

for high temperature simultaneous property characterization at Purdue University

and will serve as a valuable tool for researchers here as and collaborators around the

world.
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3. Z-METER DESIGN

3.1 Design Overview/Set Up

This chapter details the design process of the Z-Meter system and subcomponents.

I start by explaining the system constraints and primary design metrics. I then

move through the approximate design process explaining design decisions and thought

process for the benefit of the reader working to recreate or expand upon this work.

The approximate order of the system design is as follows:

1. Determine an appropriate sample size and shape for maximum versatility and

widest use within the system.

2. Design the meter bar and identify the key features for development of an accu-

rate reference bar design.

3. Evaluate temperature sensing technologies, select the appropriate sensor type,

and expound upon my sensor design and fabrication process.

4. Discuss details of the electrical measurements in the Z-Meter system: Seebeck

coefficient and electrical resistivity.

5. Explain heater operation, power capabilities, and present mechanical loading

limitations which dictate a shift in system architecture. I then chronicle my

feature design and solution process to protect the heater and provide adequate

thermal isolation.

6. Present the thermal radiation shielding scheme for the instrument, outline the

advantages and disadvantages of implementing radiative loss suppression com-

ponents within the measurement system, and delineate the heat shield design

process.
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7. Introduce the design, operation, component selection, and fabrication of the

heat rejection system for the Z-Meter system. This includes a discussion of the

pumped flow loop utilized for heat removal from the vacuum chamber, suggested

cold plate features, design of vacuum and atmospheric flow tube assemblies, and

detailed pressure drop calculations for system operation.

8. Illustrate mechanical loading challenges and requirements within the system

for accurate long-term operation. Proffer a novel design feature for Z-Meter

systems which enhances measurement throughput, while providing improved in

situ load monitoring.

9. Set forth key design features and practices for components operating in high

vacuum environments. Elaborate on the vacuum system, instrumentation, pro-

cedures, and operational considerations.

10. Present the remaining aspects necessary for realizing a high-accuracy measure-

ment system, which are all too frequently over looked, including: Component

and vacuum feedthrough layout, cabling and wiring harnesses, system level

noise reduction techniques, and a discussion of the electronic instruments, the

settings necessary for accurate measurement of signals in this system, and how

they are used to perform this measurement.

3.1.1 System Design Metrics

The overall system measurement requirements and operational metrics are the ma-

jor driving factors in the Z-Meter design. This system is filling a gap that currently

exists at Purdue and many other institutions for accurate high-temperature thermo-

electric material characterization. The target operating temperature is 1000℃ for the

hot side of the sample. In addition to achieving the high-temperature point, another

primary goal of the system is to provide simultaneous property characterization for

thermoelectric materials under large temperature gradients. This requirement stems
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Figure 3.1. CAD rendering of the Z-Meter measurement system
sectioned for clear view of system components. The enlarged detail
view shows the meter bars which the sample is inserted between and
clamped in place. System components are tagged for clarity: (1.)
Button heater with ceramic loading shroud, (2.) Upper molybdenum
meter bar, (3.) Lower molybdenum meter bar, (4.) Cold-plate and
lower meter bar mount, (5.) Distributed temperature and electrical
sensor probes mounted in both meter bars, (6.) Banked, annular,
polished stainless steel radiation shields, (7.) High capacity lab-jack,
(8.) Isothermal connection terminals for cold junction compensation,
(9.) Thermal isolation platforms with three load cells mounted be-
tween the top two platforms, (10.) Load frame, (11.) High vacuum
chamber.
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from the fact that actual TEGs operate under large temperature differences to in-

crease efficiency, so it is necessary to characterize new materials being designed under

such conditions. This system will be a user system open to all members of the Birck

Nanotechnology Center (BNC) at Purdue University. As such, it is imperative that

the system be intuitive and user friendly, accept a common sample size, and allow

the characterization of a wide range of sample thicknesses. Additionally, we have rec-

ognized the need for versatility in research systems and have imposed a requirement

of maintaining compliance with the ASTM D5470 test standard commonly used for

thermal interface material (TIM) characterization. This is not the main goal of the

system, but it can be attained without compromising primary project goals and is

a value-added system feature permitting a wider user pool access to the standard

measurement technique.

3.2 Sample Size

It is important to consider ease of use when designing a measurement system. This

includes designing for a common sample size and minimizing sample preparation. Ad-

ditionally, secondary validation of measurements using an independent method are

critical for a robust system design. After a survey of locally available test equipment

and sample requirements, a sample size of �12.50 mm (0.500 in.) is selected to best

accommodate secondary testing. This size is selected as it is the required sample ge-

ometry for the laser flash measurement systems used by Thermophysical Properties

Research Labs (TPRL), located in West Lafayette, IN. TPRL is a well established

leader in the field of thermal measurements, dating back to wide recognition of their

material testing in Thermophysical Properties of Matter - the TPRC Data Series by

Touloukian et al. [48] published in 1970. In addition to secondary testing at TPRL,

with some further processing the �12.50 mm sample puck can be used for time do-

main thermo-reflectance (TDTR) or 3ω measurements of thermal conductivity. These
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factors combined with the fact that many groups use half-inch dies for compaction

and sintering of new materials made this a well-balanced choice for the Z-Meter.

3.3 Meter Bars

3.3.1 Materials

The first step in a materials selection process is to clearly define the requirements

for the material and specify the desired property behavior. Due to the nature of the

Z-Meter measurement, there are many types of properties that must be considered:

thermal, electrical, and mechanical.

Thermal Properties

The first requirement to consider is select the material for the material bar con-

sidering thermal properties: thermal conductivity, thermal expansion, emissivity and

radiative losses, and melting temperature.

First, the thermal conductivity of the meter bars determines the thermal gradients

used for measurement of heat flow along the bars. ASTM D5470 recommends that

the bar thermal conductivity be greater than 50 W/(m·K), which is also required

to achieve high-temperatures at the sample interface. The selection of a thermal

conductivity is complicated for this application as it requires a balance between two

opposing factors. A high thermal conductivity is desired to reach high-temperatures

at the sample interface, but the thermal conductivity must also be low enough to

resolve a measurable temperature gradient between the temperature probe locations.

Additionally, since the meter bar method requires approximate 1-D conduction in the

bars, the thermal conductivity of the material must be high.

Second, since this system is designed to operate at high-temperatures, the change

of the size of the material (i.e. thermal expansion) must be considered over this

range as well. Large size changes with temperature lead to increase thermal stresses,
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and can impact the alignment within the system. The cross-sectional area is a key

constituent in the determination of the thermal conductivity, but if the bar dimensions

change drastically with temperature, then this variation of conduction area can lead

to over-estimation of measured thermal conductivity. Additionally, if the meter bars

expand with temperature, the thermal contact between the temperature sensors and

the bar can be degraded substantially due to enlargement of the probe insertion well.

This indicates that the coefficient of thermal expansion is another critical property

to be considered in the material selection process for the meter bars.

Third, thermal losses from the reference bars are important to accurate property

characterization of the sample and at high-temperatures, radiative losses can be sub-

stantial. In order to achieve high-temperatures, radiative losses must be suppressed

as much as possible. This can be done by adding thermal shielding, but a good way to

minimize this problem from the beginning is to target materials with low emissivities

over the temperature range of operation. Emissivities can sometimes be adapted to a

more suitable range through mechanical polishing and/or deposition of a low emissiv-

ity material such as gold or platinum, but at high-temperatures, surface coatings such

as these can cause problems such as phase transition of the coating or inter-diffusion

of the reference bar material with the coating. Inter-diffusion can cause the calibrated

thermal properties of the reference bar to shift over prolonged periods of operation

at high-temperatures.

Finally, it is important for the material to have a high melting temperature and

a low intrinsic vapor pressure. Operation at high-temperatures requires a material of

a considerably higher melting point to avoid holding the material above its recrystal-

lization temperature for too long, which can lead to excessive grain growth and result

in materials becoming too ductile for practical application in a mechanical loading

system. The recrystallization temperature for a materials can be generally estimated

as approximately 40% of the melting point for the material [49].
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Electrical and Thermoelectric Properties

The Z-Meter utilizes the reference bar not only for use in thermal property char-

acterization, but also as electrical probes to the sample. Since electrical properties

are being measured through the meter bars, the electrical properties of the bars them-

selves are important to consider for material selection. The first property to evaluate

is the electrical resistivity of the material. The measurement of electrical resistance to

determine resistivity for thin thermoelectric materials often involves very small quan-

tities since good thermoelectric materials have high high electrical conductivity and

the thin sample form factors leads to small resistances. The electrical conductivity

of the meter bars must be sufficiently high so as to not dominate the measurement

of resistance in the sample. Another critical set of properties to consider are the

thermoelectric properties of the bar material. One of the main properties of interest

for measurement in the Z-Meter is the Seebeck coefficient. As discussed in Section

2.1.1, the Seebeck coefficient describes the development of a voltage potential due

to temperature difference in an open circuit. It is important for the meter bars to

have a low (and approximately constant) Seebeck coefficient to permit accurate mea-

surements of the voltage drop across the sample without interference from the emf

generated within the measurement bars themselves.

Mechanical Properties

Mechanical properties for high-temperature materials are especially important

when the system is going to be applying a mechanical load to compress sample under

test. As materials approach their melting temperatures, their mechanical properties

quickly decline. As discussed above, extended operation at temperatures over ∼ 40%

of the melting temperature for the material result in ductile materials (annealing).

These materials lose much of their elasticity and hardness, which is detrimental for

bars that must transfer a load to a sample, but not deform themselves. Therefore,

a high hardness value and a high elastic modulus are desired. Another mechanical
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property to consider is thermal creep which is the time-dependent deformation under

an applied load. Creep deformation is often a problem for materials operating at

elevated temperatures, which can deform component geometry over time and damage

system sensors or components.

Discussion of Material Selection

Evaluation of Materials in Existing Reference Bar Systems

A typical starting point for materials selection is to survey what has been used previ-

ously to accomplish the task. Copper [33,50,51] and aluminum [52] have traditionally

been used for meter bars due to their excellent thermal properties. Stainless steel [52]

has even seen use in reference bar systems, although it is not as common. While

these materials can be found in previous systems throughout literature, we find that

in driving the operating temperature of the system higher, we reach a point where

these materials are no longer feasible options for the meter bars.

The high thermal diffusivities of copper and aluminum make them very attractive

for use as meter bars since it is easy to obtain the necessary operating conditions

for the meter bar technique: ∼ 1D heat flow and uniform temperature profile for

a given cross-section. Both materials have high thermal conductivities which lim-

its the temperature gradients present between temperature sensors, but with careful

geometric and thermal design this problem can be overcome by using appropriately

sensitive temperature probes. Stainless steel permits steeper temperature gradients

to be resolved due to a lower thermal conductivity, which can help compensate for

limited sensor accuracy in some systems, but limits the heat flow through the bar to

the sample. The problem with stainless steel is that it has poor thermal conductivity,

typically two orders of magnitude lower than that of oxygen free high conductivity

(OFHC) copper and approximately one order of magnitude lower than common alu-

minum alloys (6061-T6), making it extremely difficult to construct a reference bar

which satisfies the meter bar operation conditions.
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Copper and aluminum alloys have high coefficients of thermal expansion (CTEs),

which means that these materials will expand/contract considerably during the course

of a full test cycle due to the wide temperature range. While we leverage this property

for intimately mating the base components, using a thermal interference fit to obtain

excellent contact between the lower reference bar and the copper base mounting plate,

any change in size of the meter bars is undesirable as it is difficult to characterize

the exact degree of change for all points on the bar. Thermal expansion for stainless

steel is much less of an issue than for copper or aluminum, but over large temperature

ranges can still impose significant errors within the measurement. Traditionally we

think of a material growing uniformly due to the CTE as it is heated, but this is

not necessarily the case after the part has been machined and has different features.

Therefore, we target materials with a low CTE for any parts within the system that

will experience significant temperature swings. This helps to ensure that bar shape

and probe holes maintain the desired dimensions throughout the test. In certain

cases, limited thermal deformation can be accommodated and corrected for in the

data analysis, but it is not ideal.

Copper and aluminum are both very soft metals which leads to contact surfaces

easily damaged by sample loading, meaning surfaces must be polished regularly and

over time the meter bars will need to be replaced more frequently due to surface

wear and wall thinning between the sample interface and the temperature probe

located in extreme proximity to the surface. Stainless steel, in general, is less prone

to deformation or oxidation than either copper or aluminum. Most stainless steels

are sufficiently hard as to not have an issue with interface damage for most materials

of interest.

The electrical properties for copper and aluminum are excellent; they both have

very low resistivities and Seebeck coefficients. The electrical properties for stainless

steels are not as favorable, with a resistivity of 1.5 order of magnitude higher than

those for copper or aluminum, and while the Seebeck coefficient is still low compared
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to thermoelectric materials to be measured, it is higher than those for copper or

aluminum.

Mechanical strength of the material must be considered at these elevated tempera-

tures. Thermal creep can lead to deformation of the meter bar over time, especially as

materials are operated at temperatures approaching their melting point. Aluminum

alloys melt around 650℃, while copper melts at approximately 1080℃ [53]. While the

melting point for many stainless steels is much higher, ∼ 1400℃ [53], portions of the

loaded meter bar are designed to operate at temperatures up to 1200℃. This would

mean operation under load at approximately 86% of the material melting tempera-

ture, which is not suggested for long term system performance. It is clear that these

traditionally used options will not work for the meter bar material in the Z-Meter

due to operating temperatures alone.

Evaluation of Alternative Reference Bar Materials

Since traditionally used materials are not an option due to the elevated temperature

range, we first targeted materials known to operate well at high-temperatures, then

sorted from there as to which had the proper combination of properties to make

them suitable for use in the Z-Meter. There is a wide range of materials capable

of operation at high-temperatures, and countless alloys designed for specific high-

temperature applications, but a balance of the properties to suit the measurement

proved more difficult.

Many different materials are considered for the meter bar materials. In lieu of

an extended discussion of each material individually, key material property plots

are included to highlight comparison between materials. After evaluation of the

materials shown in Figures 3.2 - 3.4, we determined that the best suited materials

were refractory materials, specifically: tungsten, molybdenum, and their alloys (not

listed in figures). I decide to use a pure material instead of an alloy owing to a

lack of reliable data on the drift in thermal and electrical properties of the bar due

to prolonged operation at high-temperatures in a vacuum environment. Even small
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Figure 3.2. Thermal conductivity of potential reference bar materials [48,54–56].
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Figure 3.3. Coefficient of thermal expansion (CTE) of potential ref-
erence bar materials [54,55,57].
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Figure 3.4. Electrical resistivity of potential reference bar materials [54–56].
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persistent deviations over time can compound into substantial measurement errors

due to unexpected aging characteristics of an alloy material.

I compare tungsten and molybdenum for use as a meter bar. Tungsten has a

slightly higher thermal conductivity, a lower CTE, and has a comparable electrical

resistivity to molybdenum across much of the operational temperature range, but the

electrical resistivity for tungsten does increase faster than molybdenum with temper-

ature. These two materials have a favorable balance of desired properties: relatively

high thermal conductivities, low electrical resistivities and CTEs across the tempera-

ture range, both are very stable and robust at high-temperatures, and have impeccable

creep resistance. There is a measurable Seebeck effect for both materials, but it is of

the same order as the Seebeck coefficient for copper, and the magnitude of the See-

beck coefficient for both tungsten and molybdenum is less than that for platinum or

palladium as shown in Figure 3.5. In addition to the properties already discussed, we

must also briefly mention the comparison of typical emissivities for these materials.

Figure 3.6 shows nominal emissivity ranges with temperature for the tungsten and

molybdenum materials in the as delivered state, having precision ground surfaces.

The materials undergo machining and polishing prior to use, but this serves as a

baseline comparison between the two materials. The precision ground surfaces are

smooth, but not polished; therefore, we anticipate the actual emissivities for the bar

in operation to be less than the values provided from the manufacturer (Plansee) for

both materials [54,55,58].

Based on these facts, tungsten has a slight advantage over molybdenum from a

materials selection perspective; however, this does not take into account the material

machinability. Ultimately, we elected to use molybdenum to improve machinability

of the meter bars. Tungsten is very difficult to machine accurately due to its hardness

and the degree of work hardening that occurs during the machining process. Molyb-

denum is still a difficult material to machine, but it has better machinability than

tungsten, while still possessing the desired combination of thermal, electrical, and

mechanical properties. After material selection, the remaining system components
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Figure 3.5. Seebeck coefficient of potential reference bar materials [59, 60].
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Figure 3.6. Total hemispherical emissivity of potential reference bar
materials with as-received ground surface finish [54,55].

and assemblies must be evaluated thoroughly and iterated upon to achieve a fully

mature design for the measurement system.

3.3.2 Geometry of the Reference Bars

The reference bars are carefully designed to achieve approximately 1D heat flow,

meaning that the temperature in the bar does not vary radially within a given cross-

section. This is done by ensuring that the local bar Biot number is small:

Bi =
h ·DB

2κB
< 0.1, (3.1)
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where h is the heat transfer coefficient describing the losses from the radial surfaces of

the bar, DB is the bar diameter, and κB is the thermal conductivity of the bar. Due

to the high-temperatures during testing, the experiment must be conducted under

vacuum conditions for multiple reasons: (1) to suppress convective losses from the as-

sembly, which would drive the Biot number out of the targeted range, and (2) at these

temperatures, oxidation of many materials occurs quickly and violently, thus neces-

sitating that experiments be conducted under high vacuum conditions (10−6 Torr).

Once the condition of a small Biot number is satisfied, the temperature gradient along

the bar must be measured without significantly disturbing the 1D temperature profile

within the bar and with high accuracy.

As detailed in Section 3.3.1, material properties are paramount in the design of

the meter bar. A high conductivity material will need longer separations between

measurement locations due to the reduced thermal gradient and finite probe sensi-

tivity. Therefore, it is essential to select a material that has a high enough thermal

conductivity to satisfy the condition of a small local Biot number ensuring a uniform

temperature profile within the cross-section at each location along the axis of the

bar, but low enough to resolve a temperature gradient along the bar. In addition to

thermal conductivity, thermal expansion must also be considered when determining

sensor spacing as the system operates over large temperature ranges, which can lead

to significant changes in geometry during the course of the test for some materials.

Accuracy of the temperature sensor is also important as less accurate sensors will

require further spacing to obtain a sufficient thermal gradient along the bar. Probe

size needs to be minimized to avoid major disturbances in the thermal profile within

the bar, and local losses at probe points due to conductance along the probe.

In addition to the impact that material properties have upon the bar, the actual

sizing of the bar itself is critical to accurate measurements and involves several com-

peting design factors to achieve optimal bar sizing. The bar diameter cannot be too

large, because it will make it difficult to maintain a sufficiently small Biot number due

to the increase in the surface area for radiative losses. As the bar radius is increased,
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a more powerful heater is required to maintain necessary temperature gradients for

the measurement. Also, large bar diameters require large sample diameters, which

is not always possible. Alternatively, as the bar diameter is reduced, the impact of

parasitic losses and distortions in the uniform cross-sectional thermal profile are worse

due to the measurement probes, because the probes can only be reduced in size to a

certain point, then the relative size of the probe to the bar can result in considerable

distortions of the profile. I use common sample sizes as a means to reduce the design

space to specific sizes for consideration.

I selected a sample size of � 12.7 mm (0.500 in.) as this is a commonly used

sample puck size for materials development, and it allows auxiliary testing with other

property measurement systems available around Purdue, such as Laser Flash. After

the sample size is selected, the meter bars are selected to be slightly oversized to the

sample at � 13.08 mm (0.515 in.) to provide approximately 3% clearance around

the edges of the sample. This is done to simplify the alignment of the sample and the

bars and helps to ensure the full sample interfacial area is active in the measurement

instead of only engaging some portion of the area due to misalignment. The length

of the meter bars is prescribed by the required spacing between temperature sensors

for accurate measurement of the thermal gradient along the bar across the entire

temperature range. Many factors impact the necessary spacing of temperature sensors

including: material properties of the bar, accuracy of the temperature sensor and

probe sizes/conductances.

3.4 Temperature Measurement and Sensors

A general overview of the temperature sensor technologies considered for use in

the Z-Meter is presented, followed by a description of the selection process for the

chosen sensors. The potential temperature sensor technologies can be broken up into

two major groups non-contact and contact measurements.
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3.4.1 Review of Non-Contact Thermal Sensors

Non-contact measurements are attractive because there is nothing physically touch-

ing the reference bar, which avoids disturbing the thermal profile and prevents probe

conductance losses. Bolometers are first considered due to their size and ability to

mount inside of a heat shield without necessity of a gap in the heat shield exposing

the bar surface to higher losses. Such use would require custom fabrication of minia-

ture platinum foil bolometers coated with platinum black to enhance the absorption.

Due to the high-temperature coefficient of resistance (TCR) for the platinum foil, the

increase in temperature due to the absorption from the bar would cause a change

in the measured resistance of the foil. This technology was quickly deemed as ill-

fitted to this process as bolometers perform better when the incoming radiation is

chopped into a low frequency (∼ 10 Hz) [61], and it would not be feasible to install

chopper windows to be actuated inside of the heat shields. A similar technology,

but one not requiring a chopped radiation signal is a thermopile detector and are

often used in spectral or total radiation pyrometers [61]. A thermopile is essentially

a number of differential thermocouples connected in series between a surface of un-

known temperature (with low thermal mass) and a uniform temperature reference

surface to measure the temperature difference. This permits higher sensitivity than

a differential thermocouple alone and only two of the thermocouples experience large

temperature gradients which limits the impact of inhomogeneities in the leads. How-

ever, it requires an increased area to make the series connections between the two

surfaces and the thermocouples must be constructed from ultra fine wire to limit heat

flow [60]. The voltage measured by a thermopile is given by

Vout = n(VS(T )− VS(T0)), (3.2)

where n is the number of thermocouples used, VS is the Seebeck voltage measured

at the unknown temperature, T , and the reference temperature, T0 [61,62]. As such,

thermopiles also require the measurement of the reference temperature. The con-

figuration of these sensors could lend itself well to such non-contact measurements.
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Custom annular ring shaped sensors could be fabricated and attached at known po-

sitions along the inner surface of the heat shields, using the shield as a reference

surface, but due to limitations on smallest size possible for feasible manufacturing

while maintaining high-temperature compatibility, and further complication of added

wiring in the limited space within the radiation shielding, we decided that sensors

such as bolometers or thermopile pyrometers were not feasible for local installation

inside of the heat shields.

Next we evaluate the use of infrared pyrometers for measurement of bar tempera-

ture. Infrared pyrometers measure the incident radiation by focusing it through a lens

onto a thermopile detector, using the same operating principle as discussed above.

The issues that quickly arise from this measurement method are access to the bar

surface requiring radiation shields to be removed and increasing losses. Additionally,

the pyrometer would need to be located outside of the chamber due to the vacuum

environment, limiting the field of view of the bar to that which can be seen through

the vacuum view port as depicted in Figure 3.7. The pyrometer can be scanned along

the axis of the bar, but at the distance required by the radius of the chamber, the spot

size for the measurement is too large. This precluded the use of infrared pyrometers

for measurement of bar temperatures.

The final option for non-contact measurement of bar temperature was to use an

infrared camera to measure the temperature map for the bars and sample visible

through the viewport to the bell jar. The use of an IR camera is attractive, because

it provides additional information about the temperature of the sample and permits

contact resistances to be measured directly from the thermal map by considering the

temperature jumps recorded at the interfaces in the images. However some difficulties

do exist. The radiation shielding around the sample and portions of the bars must

be removed to provide a view of the surfaces, an infrared transparent viewport is

required to permit external measurement with an infrared camera, and the working

distance of the camera from outside the chamber makes imaging of the bar sample

interfaces challenging. The required resolution combined with the minimum working
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Figure 3.7. View of the sample and meter bars through the front
vacuum viewport of the Z-Meter. Any infrared (IR) detector would
have to operate from this location and require magnifying optics for
accurate measurement of the thermal interface temperature drops and
to resolve an accurate temperature profile along the sample.

distance due to the chamber viewport location require a considerable investment

in infrared imaging camera and optics, which at this time are beyond the budget

of this project. However, due to the benefits to be gained by having an infrared

temperature map of the sample and interfaces, the system is designed in such a

way that future compatibility with infrared measurement is possible by installing an

appropriate viewport, camera, and optics. The sample location is aligned with the

level of the viewport, and the radiation shields can be removed or modified to reveal

the area visible in the field of view from the chamber window.
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Once the non-contact options for temperature measurement were exhausted, the

more traditional contact sensor technologies were investigated. The benefits to these

sensors is that they are readily available, and generally much cheaper than the non-

contact technologies. However, since these sensors require contact with the body of

interest for the measurement, they can have a significant impact upon the process

being measured if not carefully selected and installed.

Due to the indirect nature of temperature measurement, we are reliant upon the

response of other properties that we can measure to temperature allowing us to infer

the temperature within the system. One of the most widely exploited temperature-

property relationships is that between temperature and electrical resistance. In many

materials, the strong dependence of electrical resistance upon temperature can be

easily leveraged to determine device temperature by passing a small current through

a resistive device and monitoring the voltage level. Two main types of thermal sensors

utilize this operating principle: thermistors and resistance temperature detectors.

3.4.2 Review of Contact Thermal Sensors

Thermistors

A thermistor, originally called a thermally sensitive resistor, is a semiconductor

material that has a strong sensitivity of its resistance to changes in temperature and

started to be commercially manufactured circa 1930 [63]. There are two main types of

thermistors, positive temperature coefficient (PTC) and negative temperature coeffi-

cient (NTC). It is generally the NTC type thermistor which is used for temperature

measurement, meaning the resistance of the sensor decreases with increasing temper-

ature. While this operating principle is somewhat similar to that of RTDs, discussed

next, thermistors devices are often orders of magnitude more sensitive to temperature

changes [61]. First-order approximations can be applied accurately to describe the

resistance-temperature relationship over small temperature regions, but to accurately

describe the behavior of a thermistor over a wider temperature range, the non-linear
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behavior of the thermistor’s resistance must be captured in greater detail. A com-

monly used equation to describe the sensor response is the Steinhart-Hart third-order

approximation

T =
[
a+ bln(R) + c(ln(R))3

]−1
, (3.3)

where a, b, and c are the Steinhart-Hart parameters defined during device calibration,

T is the absolute temperature, and R is the electrical resistance. It is common to see

Eqn.3.3 presented with a β parameter. This is done by setting a =
(

1
T0

)
−
(

1
β

)
·ln(R0),

b = 1
B

, and c = 0, where R0 is the resistance measured at T0 = 298.15 K (25℃),

which yields [63]: 1
T

= 1
T0

+ 1
B
ln
(
R
R0

)
. Solving for temperature

T =
β

ln
(

R
R0·e−β/T0

) , (3.4)

which can be used in combination with the information given from the manufacturer’s

calibration if the β parameter is reported.

Despite this high sensitivity certain attributes of thermistors make them ill suited

for use in the Z-Meter. Typically thermistors are selected to cover a relatively narrow

range of temperatures due to the non-linearity of their response, nominally 0℃ to

100℃. While some thermistors are available with a larger range, none will cover

the entire operating range of the Z-Meter. Many manufacturers list the maximum

operating temperature for thermistors between 150℃ and 300℃ [64]. This narrow

band of use precludes thermistors as a viable option for instrumenting the reference

bars in the Z-Meter.

Resistance Temperature Detectors (RTDs)

When considering thermistors, we observed that the semiconductor material has a

strong non-linear response with changes in temperature. This makes thermistors very

sensitive to temperature changes, but only accurate over small temperature ranges.

Resistance temperature detectors (RTDs) also work by utilizing the relationship be-

tween temperature and resistance for a material, but RTDs employ pure metals for
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this purpose. The resistance response to temperature changes of pure metals is much

less sensitive to temperature changes than that of the semiconductors used in ther-

mistors, but with careful material selection, it can still be very accurate and hold this

accurate relationship across a wide range of temperatures.

All metals experience an increase in electrical resistance with temperature, but

only a few materials have the desired properties for use as RTDs. The temperature

coefficient of resistance (TCR), αTCR, is used to describe the slope of the relationship

between resistance and temperature. The TCR can be approximated as constant over

small ranges for some materials, but for other materials or any material over a wide

temperature range, the TCR can itself take on a temperature dependence. In addition

to requiring a strong, stable TCR, an RTD should also have a large nominal resistance

for improved measurement stability and accuracy. This is because the signal level of

the RTD, voltage drop measured with some specified sense current, is proportional

to sensor resistance; therefore, a favorable RTD material will have a high TCR and a

high resistivity. Materials with low resistivities can still be used as RTDs, but actions

must be taken to ensure accurate temperature measurement [65].

The sensor resistance must be large (100 - 1000 Ω) for accurate temperature mea-

surement since the product of TCR and nominal device resistance determines the sen-

sitivity, which must be done geometrically. The electrical resistance can be increased

by extending the conductor length and or reducing the conductor cross-sectional area,

both of these can be problematic for implementation in a RTD. First, extending the

conductor length requires considerably more material be used, which can increase

the size of the sensor, slow the thermal response, and decrease the positional reso-

lution of temperature measurement due to the larger sensor size. Alternatively the

cross-sectional area of the conductor can be reduced to constrict current flow, thus

increasing the resistance without adding more material to the sensor, but as conduc-

tors get smaller, they tend to be less durable and sensors are prone to damage or

failure.
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The operating principle of a RTD is the resistance measured for a device can

be used to determine the temperature based on a calibration curve describing the

resistance behavior across a temperature range. At the atomic scale, the temperature

of a material is described through vibration of the atoms and molecules that comprise

the material. Therefore, using Debye’s theory of specific heat, the vibrational modes

can be included yielding the Debye Temperature:

θD =
}ωD
kB

(3.5)

where } is Planck’s constant, ωD is the cutoff frequency, and kB is Boltzmann’s

constant [66]. Ziman [67] shows that the Debye temperature can be used to determine

the degree of dependence of resistance on temperature. If the temperature is high,

θD/T << 1, the resistance is proportional to temperature, but for low temperatures,

θD/T >> 1, and the resistance is proportional to T 5.

The Debye temperature for platinum is 240K from Table 3.1, so θDT/< < 1, indi-

cating the resistivity should scale linearly with temperature,

R(T ) = R0[1 + αTCR(T − T0)], (3.6)

where R0 is a reference resistance taken at T0, usually 0℃, and αTCR is the temper-

ature coefficient of resistance (TCR) [69]. Platinum is the most common metal used

in RTDs, owing to its nearly linear TCR from -200℃ to 600℃, long-term stability,

and material durability. Tungsten is another material that is used for RTDs, but

in practice is generally only employed in high-temperature applications (T > 600℃)

because it is acutely brittle and challenging to work. Additionally, some nickel alloy

materials are use due to their low cost, but these exhibit high degrees of non-linearity

and are subject to measurement drift during use [60]. Platinum is recommended for

use in RTDs to be used in applications requiring accurate measurements and long life

of the sensor.

As we are working in the Debye high-temperature limit, we have stated that the

resistivity should have a linear scaling with temperature, but Fig. 3.8 shows a slightly
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Table 3.1. Debye temperatures tabulated from low temperature heat
capacity measurements. Unless otherwise noted, data is sourced from
Kittel [66] ∗Indicates Hook and Hall [68].

Solid Material θD [K] Solid Material θD [K]

Cs 38 Zr 291

Rb 56 Ga 320

Hg 71.9 Zn 327

Tl 78.5 Cu 343

K 91 Li 344

Pb 105 Sc 360

In 108 V 380

Ba 110 Mg 400

Bi 119 W 400

La 142 Mn 410

Sr 147 Ti 420

Na 158 Ir 420

Au 165 Al 428

Sn 200 Re 430

Cd 209 Co 445

Ag 225 Ni 450

Ca 230 Mo 450

KCl ∗ 235 Fe 470

Ta 240 Rh 480

Pt 240 Os 500

Hf 252 Ru 600

Pd 274 Cr 630

Nb 275 Be 1440

Y 280 C (Diamond) ∗ 2230
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non-linear trend to the data. This discrepancy comes from the Debye prediction being

for 100% pure platinum, while in practice trace amounts of contaminants are likely

to be present. A linear relation still serves as a reasonable approximation of the

temperature-resistance relationship across small temperature ranges; however, for

precise measurements a higher order equation should be used, which accounts for

non-linearities in the temperature-resistance relationship. When operating in larger

temperature ranges, it is recommended to use a second order polynomial calibration

equation as it better captures the slight non-linearity in the resistance - temperature

relationship for platinum [69].

R(T ) = R0(−5.8× 10−7T 2 + 39.08× 10−4T + 1) Ω (3.7)

He shows that it can yield an accuracy better than 0.01℃ within a temperature range

of 20 - 630℃; however, any impurities or variations between devices will introduce

measurement uncertainty. As such, it is advisable to carefully calibrate each RTD for

maximum accuracy of temperature measurements.

In addition to impurities or variations in the resistance sensing material leading

to measurement uncertainty, the method of measurement can greatly impact the ac-

curacy of the measurement. PtRTDs permit accurate measurement of temperature

due to the relationship between temperature and resistance as described by eq(3.6-

3.7) and shown in Figure 3.8; however, since RTDs require a current flow to measure

resistance, the leads contribute to the measured resistance of the device if the voltage

difference is taken where the current is introduced. Figure 3.9 illustrates the differ-

ence in the layout of the different measurement configurations for determining the

resistance of the RTD. The two wire measurement method, Figure 3.9(a), will yield

a measurement dependent on the characteristics of the lead wires which must be ac-

counted for in the determination of temperature based upon resistance; however, in

the four wire measurement scheme, Figure 3.9(b), the voltage drop across the device

is measured via separate probes. This separate measurement of voltage minimizes

the current that flows through the voltage sensing lines thus reducing the effect of the

voltage leads. It is for this reason that the four wire technique is typically employed
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Figure 3.8. Resistance versus temperature curve showing the capa-
bilities of a thin film PtRTD to perform temperature measurements.
Measurements made at 5 minute intervals where solid dots are the
heating points, while the open circles represent data collected during
cooling. Pt = 0.77 µm thick, 900℃ N2 anneal [70]. © 2009 IOP
Publishing. Reproduced with permission. All rights reserved

to accurately measure resistances; however, the 2-wire technique can still be applied

accurately in situations where number of wires or connections must be minimized.

Application of the two-lead RTD measurement requires careful consideration of the

contributions from the lead wires and appropriate adjustment of measurements to

account for the lead resistance.

Thermocouples

While RTDs provide accurate and repeatable measurements up to a much higher

temperature than what is achievable with thermistors, commercially available options

are not available that will reach the desired temperatures in packages small enough

to integrate into the reference bar without major distortion of the thermal profiles.

The accuracy of RTDs will be leveraged else where in the system to provide refer-
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(a) Two wire resistance measurement electrical

schematic.

(b) Four Wire (Kelvin) resistance measurement

electrical schematic.

(c) Simple four wire sensing geometry imple-

mented for temperature sensing for a thin film

PtRTD [71]. Figure is reproduced under the per-

missions of the Open Access Publishing Agree-

ment. © Optical Society of America

Figure 3.9. Comparison of resistance measurement configurations:
(a),(b) schematically and an actual thin-film RTD.

ence temperature readings for the selected thermal sensor type, thermocouples, as

discussed in the section detailing the cold junction compensation scheme.

Thermocouples are the most widely used form of temperature sensor due to their

ruggedness, ease of implementation, and generally low cost. A thermocouple is phys-

ically a very simple sensor, two dissimilar wire joined together at the measurement
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end. As such, the thermocouple can be tailored to the precise application maximizing

the measurement accuracy for the specific system. Wire diameter can be selected to

optimize the balance between probe conductance losses and response-time with drift,

mechanical robustness, and long service life [59]. Thermocouple probes can be de-

signed to be flexible for moderate temperature operation, rugged for durability, and

easy to install for easy system maintenance; additionally, they are capable of mea-

surement across a wide temperature range and are not subject to self-heating errors

as seen with thermistors or RTDs [72].

In both thermistors and RTDs, the sensor operated based on a change in the

resistivity of the material with temperature, allowing the resistance change to be

monitored and mapped to a temperature relation. The operation of thermocouples is

rather different due to the thermoelectric effects. When a thermocouple experiences

a temperature difference between the ends, the Seebeck effect induces a current flow

proportional to the temperature gradient. When the electro-motive force (emf) gen-

erated by this current flow is measured, a relationship can be determined between the

emf and the temperature difference between the ends of the thermocouple. Determi-

nation of absolute temperature measurements requires the knowledge of the end of

the thermocouple at which the emf is measured, also referred to as the cold junction.

The major attraction of thermocouples is the simplicity, availability, and flexibility

to specify a particular type of thermocouple to meet measurement requirements.

There is a vast array of thermocouples types for which published data is available,

all made from distinct combinations of dissimilar metals and each with a slightly

different purpose. In this wide range of thermocouple combinations, only twenty pairs

are commonly used [59,73]. Currently eight types of thermocouples are standardized

under the international temperature scale of 1990 (ITS-90) [74], detailed in Table 3.2.

Five of the eight standard thermocouple types (E, J, K, N, and T) belong to

a group called base metal thermocouples and all utilize nickel in at least one ther-

moelement. The alloys used for these thermocouples make them ill-suited for high-

temperature measurement as intercomponent diffusion and preferential phase tran-
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sition of lower melting point materials within the alloys cause substantial drifts

in calibration. Additionally, these materials are known to readily oxidize at high-

temperatures complicating or prohibiting the annealing process necessary to remove

mechanically induced inhomogeneities [60].
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Platinum-based Thermocouples

Thermocouples in this subclass are mainly used for precision laboratory measure-

ments, calibration, and high-temperature measurements ( T > 1000℃) due to their

long life and minimal drift in calibration. The platinum-based thermocouples are the

most stable of the standard types, but the pure platinum legs in both the R and

S types is also the most sensitive to contamination of all the standard thermoele-

ments [59].

Platinum-based thermocouples are more resistant to oxidation, permit measure-

ment a higher temperatures, and for high-temperature measurements in air, have

proved to be more reproducible than their base-metal counterparts. These thermo-

couples should not be used in reducing atmospheres nor in the presence of vapors.

Generally metals protect themselves against these vapors by a native oxide layer, but

platinum’s resistance to oxidation leaves it vulnerable to contamination [75]. These

noble metal thermocouples should not be inserted directly into metallic protection

tubes as impurities can diffuse into the pure platinum leg. Darling and Selman [76]

have detailed the effects of low oxygen partial pressure (vacuum) on type-S ther-

mocouples in contact with Al2O3 (alumina) ceramic insulator at high-temperatures

for extended operation. They find that vacuum environments accelerate the time to

failure and the drift rate of type-S thermocouples when compared to operation in

air, but find that around 1000℃ and below that the critical failure mode is due to

impurities from the ceramic protection tubes. Within a standard oxidizing environ-

ment, platinum based thermocouples do not react with respect to refractory oxides,

but when held below a critical level of vacuum, acute reactions can occur. Under

these conditions constituents of the refractory dissociate (Al2O3, ZrO2, and ThO2),

oxygen is generated, and platinum extracts the available metals from the refractories

to form dilute alloys, but effects are much worse for small particle size refractories in

contact with the metal (i.e. compacted powder insulation) [76]. While not optimal,

the reactions that occur between platinum and pure alumina are not severe enough to
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prevent effective use of these together in vacuum environments [76]. Another study

on performance of noble metal thermocouples at high-temperatures in vacuum found

that while the type-R thermocouples failed or drifted beyond the desirable bounds

before their targeted 10,000 hour life goal, they still performed well for shorter pe-

riods of time. After approximately 1,600 - 2,000 hours of operation in vacuum at

1327℃ (1600 K), the type-R thermocouple had drifted between -1.5 to -4.7 K [77].

This drift will be considerably higher than what will be seen in the Z-Meter system

because degradation and rapid grain growth occur most rapidly in the platinum ther-

mocouples for temperatures over 1200℃ [59,72], which should not be exceeded in the

Z-Meter system.

Selection of Thermocouple Type

The primary sensors in the Z-Meter are type-S (Pt/Pt-10%Rh) thermocouples.

Type-S thermocouples are used as an ITS-90 measurement standard for determining

temperatures between 630.74℃ and the freezing point of gold (1064.43℃) [72]. This

type of thermocouple is selected over the more widely used type-K thermocouple

due to accuracy improvements with the type-S, but primarily due to the substan-

tial drift seen in type-K thermocouples after prolonged use at high-temperatures and

the serious issue of “green rot” [60]. Preferential oxidation or “green rot” corrosion

happens for type-K thermocouples used in reducing atmospheres or vacuum. The

chromium in the positive Chromel®(Ni-9.5%Cr-0.5%Si) thermoelement will oxidize

forming chromium oxide, which appears as a green scale on the wire. This transi-

tions the chromel wire from non-magnetic to magnetic and reduces the e.m.f. of the

thermoelement resulting in a low temperature reading [59, 60]. In the case of type-S

thermocouples, as long as they are properly annealed and fixtured in pure, contam-

inant free, housings for insulation, their performance at high-temperatures is quite

good. The only drawback of type-S thermocouples is that they tend to have some drift

issues when operated in vacuum environments. Type-B (Pt-30%Rh/Pt-6%Rh) ther-
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mocouples are more stable in vacuum, and less susceptible to excessive grain growth

at high-temperatures than either type-R (Pt-13%Rh/Pt) or type-S (Pt-10%Rh/Pt)

as type-B has Pt-Rh alloys for both thermoelements, instead of the pure platinum

negative lead used in both type-R and type-S thermocouples, resulting in more sta-

ble material properties and restricted grain growth at high-temperatures. However,

type-B thermocouples have a very low emf at temperatures below 450℃, which be-

comes negligible between 0 - 50℃. While this can be nice since it does not require

CJC for the sensors due to negligible fluctuations at room temperature, it means

that these sensors cannot be used for reliable measurements beneath 450℃. This will

not work because we need to keep the cold plate at 150℃ or less. The bar could

be instrumented with different thermocouple types or sizes through out the zones

of different temperature, and mechanical requirements. Material or diameter graded

thermocouples such as this could further improve measurement performance within

the system, but it would come at a price of substantially increasing the complexity

of system management. The use of different thermocouple pairs along the meter bars

would work perfectly fine for measurements of the system, and could be used to re-

duce sensor cost by confining the noble metal thermocouples only to the regions that

truly require them. However, considering all aspects of the design and evaluating the

available long term property data, type-S thermocouples are chosen for use in the

Z-Meter. They are the standard measurement type chosen for high-accuracy refer-

ence measurements at high-temperatures, and considerable data is available on their

operation and drift at high-temperatures in vacuum. Additionally, they will work

well over the entire range of temperatures needed for the Z-Meter.

3.4.3 Design of Thermocouple Probes

The primary goal of thermocouple probe design is the accurate temperature mea-

surement within the bar while minimizing impact on thermal profile impact due to

probes. This is accomplished with fine gauge (40 AWG/80µm) type-S (Pt-10%Rh
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vs. Pt) thermocouples housed in high-purity, 99.8%, alumina, double-bore sheaths

[59,78]. Each probe sheath is 50.8 mm (2.000 in) long to minimize the temperature at

which the thermocouple wires exit the sheath to avoid bends in areas of high thermal

gradients, and helps to reduce conduction losses through the probes [60]. The ther-

mocouple probes are mounted radially into the bar to probe the center temperature

at prescribed distances along each bar. They are installed with an insertion depth

of 7.3 mm (0.287 in). All bar thermocouple probes are aligned to the rear of the

bar to avoid interference with the user during sample loading. No thermocouples are

mounted in the sample to prevent distortion of the properties under investigations,

and to simplify sample preparation which helps prevent complicated operating proce-

dures from introducing additional error into the measurement. The two thermocouple

probes closest to the sample interfaces have been further enhanced by milling a small

relief down the outside of the sheath, which allows the tungsten electrical voltage

contact to be tightly wound and fixed at the tip of the probe, while being easily

routed out of the hole. This is done to ensure that the temperature of the point of

voltage measurement is known precisely. The probes used for supplying the electrical

sense current for measuring electrical conductivity have been carefully positioned at

the extreme ends of the top and bottom meter bars to prevent localized distortions

of the thermal and electrical profiles from impacting neighboring sensors.

3.4.4 Fabrication Procedure for Thermocouple Probes

The legs of the thermoelements are purposefully cut to different lengths for the

purpose of easy polarity identification during the installation process. Each positive

thermoelement (Pt-10%Rh) is cut to be approximately 12.5 mm (0.5 inches) longer

than the negative thermoelement. The thermoelements are trimmed to the same

length immediately before calibration. The difference in hardness between the pure

platinum thermoelement (40 HV), and the Pt-10%Rh (85 HV) is used to verify the

polarity of the leg prior to installation [75]. This is verified by holding the non-



60

Table 3.4. Recommended upper temperature limits for protected
thermocouples. Reproduced, with permission from Park, R. M., &
Hoersch, H. M. (1993). ASTM-MANL-12 — Manual on the Use of
Thermocouples in Temperature Measurement: 4th Edition., copyright
ASTM International, 100 Barr Harbor Drive, West Conshohocken, PA
19428.

Upper Temperature Limits for Various Wire Sizes (AWG), [℃]

Thermocouple Type

No. 8 No. 14 No. 20 No. 24 No. 28 No. 30

3.25 mm 1.63 mm 0.81 mm 0.51 mm 0.33 mm 0.25 mm

0.128 in. 0.064 in. 0.032 in. 0.020 in. 0.013 in. 0.010 in.

T - 370 260 200 200 150

J 760 590 480 370 370 320

E 870 650 540 430 430 370

K and N 1260 1090 980 870 870 760

R and S - - - 1480 - -

B - - - 1700 - -

C - - - 2315 - -

welded ends of the two wires between the thumb and forefinger of a gloved hand with

about 100 mm (2.0 inches) protruding and gently press the two ends against against

the back of another gloved hand. The negative thermoelement (pure platinum) will

deflect considerably more than the positive thermoelement. This is done gently to

avoid large deformations which might work harden the recently annealed wires. Any

work hardening that occurs from this small test will have minimal impact due to

the negligible temperature gradients in the wires at the cold junction compensation

terminals. An alternative method is to simply connect the probe to a digital multi-

meter and heat the tip of the probe slightly with a heat gun. If the polarity is

correct, then the voltage reading will increase, but if the polarity is reversed, the

voltage reading will decrease. The thermocouple probe fabrication process is very

detailed and a thorough step-by-step process description is provided for the reader
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in Appendix A. This is done to aid with future instrumentation of the system when

probe replacement is required.

Since the temperatures in the system will not exceed 1300℃, the drift in the ther-

mocouples is due to two reversible processes over different regions of the temperature

gradient zone. Low temperature hysteresis occurs due to the oxidation of rhodium in

the positive (Pt-10%Rh), occurring around 450℃, and high-temperature hysteresis

due to order/disorder arrangement of dissimilar atoms, lattice vacancies, and other

defects which establish equilibrium levels quickly at high-temperatures, centered on

800℃ [59]. These effects (low and high-temperature hysteresis) occur in opposite

directions; therefore, partial compensation occurs.

Above 1000℃, changes occur due to grain growth, the relief of cold work, and other

microstructural changes. The rates of these types of changes decreases with time, thus

it is possible to anneal the thermocouples prior to use to minimize changes. Cold-

work affects the Seebeck coefficient and can lead to significant change due to handling

and installation of the wires (particularly in the double bore sheathing). Most of the

cold-work can be removed with a 1 hour anneal at 1100℃, but the Pt-Rh leg will

retain some residual effects. Rhodium oxidizes above 500℃ and the oxide (Rh2O3)

dissociates above 900℃ [60]. This results in a reduction in the Seebeck coefficient

from 500 - 900℃, with the greatest impact at 800℃. After heating to 1000℃ the

oxide dissociates rapidly and the Seebeck coefficient recovers [59]. The formation of

the rhodium oxide is thus reversible and can potentially cause hysteresis.

Probe Details:

The thermocouple probes are fabricated in-house, using fine gauge (40 AWG/80 µm)

Type-S, Pt-10%Rh vs. Pt, thermocouple wire (Omega SP10R-003), housed in high-

purity, 99.8%, alumina, double-bore sheaths2 (Omega TRX-005132-6). The wires are

joined using a carbon electrode arc in an Argon shielding gas [61]. Each probe sheath

is approximately 50 mm (2.000 in) long to minimize the temperature at which the

thermocouple wires exit the sheath to avoid bends in areas of high thermal gradi-

2IDs: 127 µm (0.005 in), OD: 889 µ m (0.035 in)



62

ents, and helps to reduce conduction losses through the probes [59, 60, 78]. They are

installed into the meter bars with an insertion depth of 7.3 mm (0.287 in). This

depth is designed to center the thermocouple junction on the axis of the reference bar

adjusting appropriately for the radius of the alumina potting cement used to seal the

end of the probe after fabrication (Ceramabond 569).

3.5 Electrical Measurements

Due to the multiphysics nature of these measurements, many things happen si-

multaneously to accurately gather data during the experiment. Since the end goal

of the system is to measure ZT , we know that three properties must be measured:

Seebeck coefficient S, electrical conductivity σelec, and thermal conductivity κ. The

Seebeck coefficient is determined by measuring the open circuit voltage across the

sample while it is held under a thermal gradient:

S =
∆VOC
∆T

. (3.8)

It is crucial that the ∆T must be determined only across the sample, as interfacial

conductances and probe offsets can adversely impact the measurement of the See-

beck coefficient. This requires characterization of the bar and sample interfaces to

accurately account for both thermal and electric contact effects.

Electrical conductivity has traditionally been measured by bringing the sample

to an isothermal state at the desired temperatures, then using a four-probe electri-

cal measurement to determine the cross-plane resistivity of the sample. Bringing

the sample to an isothermal state in this system would preclude the simultaneous

measurement of the properties as thermal gradients are required for the remaining

properties. Therefore, a four-probe DC electrical measurement is still conducted, but

an external current source is used to perform a current sweep, while maintaining a

fixed temperature difference across the sample. Utilizing a sweep of sensing currents

through the sample, the voltage as a function of current can be used to evaluate elec-

trical conductivity. It is important to keep the supplied current level small enough
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to avoid Joule heating during the measurement or the voltage must be corrected

based on the measured Seebeck Coefficient and sample temperature gradients. In

general, the extrapolated intersection of the linear trend to the vertical voltage axis

gives a secondary measured value for the Seebeck Coefficient, while the slope of the

trend provides the ohmic resistance of the sample. The electrical conductivity can be

calculated as

σelec =
LS

R · AC,S
. (3.9)

Note that in my selected materials, with large temperature gradients across the sample

the ohmic contribution to the measured voltage drop is small compared to the See-

beck contribution, and ultimately even the relatively small variations in temperature

with increasing current can significantly impact the data extraction for the electrical

conductivity. Thus, we must evaluate a sweep across a range of currents and account

for the varying Seebeck contribution when analyzing the electrical conductivity.

3.6 Heater

The heater used for this project is an Ultra High Vacuum (UHV) button heater

with heat shield (P/N: 101251-01) manufactured by HeatWave Labs. The heater face

(� 1 in.), body, and stem are constructed of molybdenum. The resistive heating

element is potted inside the molybdenum body using high-purity alumina potting

cement and one lead of the heating element is internally brazed to the heater body,

using the molybdenum as the electrical return for the current supplied to the heater.

The heater is designed with a thin walled molybdenum stem that extends from the

back of the heater body to provide thermal isolation and a mounting point for the

heater. This molybdenum stem is mounted into the base of the heat shield assembly

using two set screws. The heat shield assembly provides side and rear radiation

shielding, a polished stainless steel body and molybdenum rear shields, for the heater

to help increase efficiency by reducing radiative losses and incorporates a threaded

bolt pattern for mounting the assembly in the system.
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The heater is designed for UHV operation at temperatures up to 1200℃, with neg-

ligible outgassing, for operation periods exceeding 10,000 hours. Table 3.5 shows the

nominal operating points for the button heater. The maximum design power for the

heater is 190 W, which if used with the controller in the 16 V mode, yields a maximum

operating current, Imax = Pmax/V = 11.875 A. The current level is further limited

by the operating limits of the vacuum feedthroughs (F/Ts). The power F/T (Lesker

P/N: EFT02V5068B) has a limit of 10 A per pin. A type-K thermocouple probe, 1.5

Table 3.5. Power table for the HeatWave Labs button heater, showing
nominal operating points.

Temperature [℃] 900 1000 1100 1200

Voltage [V] 8.5 10.90 13.60 16.00

Current [A] 5.80 6.60 7.50 8.00

Power [W] 49.00 73.00 102.00 128.00

inches in length, is mounted inside of the stem of the heater contacting the back face

of the heater and secured in place using radial set screws from the heat shield assem-

bly, with the thermocouple leads extending from the back of the heat shield assembly.

This thermocouple probe is used in conjunction with the HeatWave Labs tempera-

ture controller and power supply unit (P/N: 101303-23B). This proportional-integral-

derivative (PID) temperature controller (Watlow P/N: PM6R1FA-1AAAAAC) per-

mits programming of ramp and soak profiles for lower system stresses at startup com-

pared to applying full power to the heater immediately. Autotuning is supported, but

is not used for this system. Instead the PID controller is manually tuned to maximize

performance for this particular system, with an achievable absolute accuracy of ± 1℃.

The controller uses an oversized solid-state relay (SSR) for precise control and long

life. Built-in fault protection incorporated in the form of a separate over-temperature

alarm set point and an independent mechanical relay in series with the solid-state

control relay. Since full high-temperature characterization runs will take many hours,
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this feature is critical for the safety of the system as it permits safe remote oper-

ation and monitoring. If the critical temperature set point is reached, it trips the

mechanical relay cutting power to the heater and preventing system damage due to

temperatures exceeding design metrics. Additionally, the internal silicon-controlled

rectifier (SCR) is short-circuit protected using a conventional fast acting 20 amp car-

tridge fuse (rear access) and a circuit breaker on the front panel provides over current

protection to the system. Finally, the system is set up with a chamber interlock to

provide open loop protection disabling the heater power if the chamber open is open.

This heater is designed as a non-contact radiation heater. This radiation gap

provides very uniform heating to thin substrates, but a significant portion of the

heater power is lost due to the surface properties of the heater and reference bar,

as molybdenum’s absorptivity of radiation in the 2 - 10 µm range is not sufficient

to balance the system losses and achieve a hot side temperature of 1000℃ for the

sample. A COMSOL multiphysics simulation is used to help model the radiative

transport from the heater face to the bar and losses in the system. The heater face

was set at 1200℃, the bar was held in close proximity (∼ 0.5 mm) to the heater face,

a 3 mm thick stand-in sample of lead telluride was installed between the upper/lower

reference bars, and the cold plate temperature was set fixed at 200℃. The reference

bar is approximated as a gray body and a total hemispherical emissivity of 0.1 is

assigned to the top surface [79]. Without any modifications, at steady state, the top

of the reference bar is about 600℃.

Due to the high-temperatures of the system and operation in vacuum, the available

options for high emissivity surface coatings are limited and reliability data for high-

temperature vacuum operation is even more scarce. After reasonable options for

surface enhancement were exhausted, the remaining option was to operate the heater

in contact with the bar. There are two major problems with this: heater passivation

and mechanical loading.
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3.6.1 Heater Passivation

The first problem is that the heater body is the current return path for the heater

elements. This current would interfere with the low level electrical measurements

across the sample, so the heater must be electrically insulated from the bar, while

maximizing the thermal contact. The high-temperatures preclude the use of available

electrically insulating thermal interface materials (TIMs) and high-temperature TIMs

are mostly metallic foils which do not provide electrical insulation. Next I consider a

direct deposition of a passivation coating on the heater face. This is attractive since

it will electrically insulate the face of the heater while still providing an adequate

thermal conductance pathway to the bar. The reason this passivation method is not

implemented is the lack of long term durability and stability data for these films

operating intermittently at high-temperatures in vacuum. Concern about damage

to the film and electrical break through to the bar is a major concern, since the

thermocouple probes, heat shields, and upper meter bar must be removed to access

the heater. This would require the thermocouples to be recalibrated or replaced if

grain growth in the platinum thermoelement progressed to the extent that it is too

brittle to remove or install without damage to the probe.

The next best option is to use an intermediate material which is electrically in-

sulating, but maintains a high thermal conductivity. The first obvious candidate for

a high thermal conductivity electrical insulator is diamond, but due to availability

and cost, this is not a suitable material for the system; however, there are two main

materials that are commonly used in such applications: aluminum nitride (AlN) and

beryllium oxide (BeO). Aluminum nitride has a thermal conductivity of 20 W/m2·K at

approximately 750℃ [80] and provides adequate electrical insulation from the heater

face. Based on the trend for the thermal conductivity of AlN at 750℃, I expect the

the value to be even lower than 20 W/m2·K for temperatures of order 1000℃. Alter-

natively, BeO has a thermal conductivity of 20 - 50 W/m2·K at 1000℃ [80], while

maintaining a sufficient electrical resistance. While the fired ceramic form of BeO is
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safe for handling and use, BeO dust is carcinogenic and can cause Berylliosis through

inhalation of or contact of dust containing beryllium with skin [81]. This electrical

isolation disk is located inside an area of the chamber which is only accessible through

a major system disassembly, and the probability of the BeO breaking is minimal since

it is fully supported on both faces between the button heater and the upper reference

bar. Due to the favorable properties and limited choice of other available materi-

als, BeO is selected to use in the Z-Meter. The BeO (BeOceramic-5050048FG, MTI

Corp.) is >99% pure and is ground to a thickness of 483 µm (0.019 in) with a surface

roughness of 15-30 µm on each side. In order to enhance the thermal contact between

the heater, BeO and reference bar, both sides of the BeO substrate are metallized

with platinum to act as a high temperature TIM. The edge is scraped after deposition

to avoid bridging of the metallized faces and guarantee electrical isolation between

the two faces. This addresses the issue of the heater body being the current return

for the heater driving current, but the mechanical loading of heater must still be

addressed.

3.6.2 Mechanical Loading Bypass – Ceramic Loading Shroud

The heater body is mounted into the shield assembly by a very thin walled molyb-

denum stem that protrudes from the rear of the heater. This stem serves as a mount-

ing point for the heater, houses the type-K thermocouple for feedback to the PID

temperature controller, and serves as a means of thermal isolation for the heater

body from the heat shield assembly and auxiliary fixturing. While this stem provides

superb performance for the design conditions of the radiative heater, this feature

may not be mechanically robust enough to comply with the full range of loadings

prescribed in ASTM D5470, 0.069 - 3.400 MPa (10 - 500 psi) [26].

It is necessary to check that the heater stem is mechanically able to take the

loading. This is done by considering column buckling for a hollow cylinder. The

exact dimensions for the construction of the heater are not publicly available from
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the HeatWave Labs, but through measurements of the heater features, we are able to

estimate a range for the stem wall thicknesses: 0.254 mm to 1.27 mm (0.01 in. to 0.05

in.). This calculation initially assumes that the hollow cylinder is under perfect axial

loading conditions (no eccentric loading). First the stem must be classified as a long

column or an intermediate column to determine if the Euler formula for long columns

or the Johnson formula for intermediate columns is applicable. This is important

because Euler’s formula for long columns will over predict the buckling failure load

for intermediate columns. The applicable equation is determined by examining the

slenderness ratio,

SR =
Le
rg
, (3.10)

where Le = K · L is the effective length which the original length, L, multiplied by

the effective length factor, K, to account for the types of end connections (pinned,

fixed, sliding, etc...), and rg is the radius of gyration. The value at which the column

transitions from a long column to an intermediate column is defined by the critical

slenderness ratio

SRcr =

√
2π2E

K2σy
, (3.11)

where E is the modulus of elasticity, K is the effective length factor, and σy is the

yield strength. The critical slenderness ratio is defined as the value for the slenderness

ratio for which the critical Euler stress, σcr, is equal to one-half of the material yield

stress.

Some properties of the reference bar are required to evaluate Eq.3.10 and 3.11.

The temperature dependent Elastic modulus and yield strength are obtained from

the molybdenum supplier [54] . The plots are digitized using a code to extract the
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plotted data from the scaled axes [82]. This data is then fit to polynomial equations

for each property:

E(T,℃) = −2.56545 · 10−8T 3 + 4.33749 · 10−5T 2 − 0.06988T + 331.22574 GPa

σy(T,℃) = 2.43424 · 10−12T 5 − 6.45742 · 10−9T 4 + 5.67750 · 10−6T 3 − ...

...− 0.00179T 2 − 0.28415T + 580.94386 MPa

αCTE(T,℃) = 7.83673 · 10−10T + 5.10450 · 10−6 m

m ·℃
(3.12)

where the Elastic modulus is fit with a third order polynomial and the yield strength

is fit with a fifth order polynomial. The density is not provided as a function of

temperature, so it must be inferred from given properties. The change in density with

temperature is due to the change in volume with temperature. Since the coefficient of

thermal expansion (CTE) is very low for molybdenum, nominally 5.5 · 10−6 m/(m·K)

[54], we can assume the expansion behavior of the stem is linear. The density of the

molybdenum at room temperature is ρ0=10200 kg/m3, which yields the mass of the

stem, m, when multiplied by the volume at room temperature. Considering a linear

change in dimension with temperature, ∆L
L

= αCTE∆T , we determine the volume

change with temperature as

AC(T ) = π
[
(ro(1 + αCTE(T )∆T ))2 − (ri(1 + αCTE(T )∆T ))2] ,

L(T ) = L(1 + αCTE(T )∆T ),

V (T ) = AC(T ) · L(T ).

(3.13)

With the impact of temperature on volume known, density is readily found by dividing

the mass of the stem, which does not change, by the volume at each temperature to

determine the density as a function of temperature:

ρ(T ) =
m

V (T )
. (3.14)
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The radius of gyration can by found as, rg =
√
I/AC , where I is the area moment

of inertia and AC is the cross-sectional area. The area moment of inertia and radius

of gyration for a hollow cylinder aligned with the axial direction are

I(T ) = 2πρL

∫ ro

ri

r3dr =
π

2
ρ(T )L(T )

[
r4
o(T )− r4

i (T )
]

, and

rg(T ) =

√
I(T )

AC(T )
=

[
ρ(T )L(T )

2
[r2
o(T ) + r2

i (T )]

]1/2

.

(3.15)

Since the base of the stem is welded to the heater body and the other end is clamped

in the heat shield assembly, it is appropriate to use fixed end conditions, and the

American Institute of Steel Construction (AISC) recommended effective length con-

dition, K = 0.65 (the theoretical value for both ends fixed is K = 0.5, but the AISC

value has been shown to have good agreement with experiments and it builds in a

slight safety factor) [83]. Calculations for the slenderness ratio yields values in the

range, 0.3373 ≤ SR ≤ 0.4080. Comparing these with the values obtained for the

critical slenderness ratio, 167.52 ≤ SRcr ≤ 321.26. It is clear from this result that

the stem can be evaluated as a long column. The critical load for a long column,

Pcr(T ) =
π2EI

L2
e

=
π3ρ(T )E(T )

1.30

[
r4
o(T )− r4

i (T )
]
. (3.16)

Calculating the critical load across the range of possible wall thicknesses and over

the entire measurement range of temperatures, as shown in Figure 3.10 we see that

implementing the range of loadings necessary for the ASTM D5470 standard, loading

up to 3.40 MPa, will exceed the critical loading for the stem at the high end of the

operating temperatures. It is then necessary to incorporate a protection into the

system design for the heater stem to avoid damage during system operation. This

problem would be compounded for actual operation as this prediction does not include

any eccentric loading effects, which would make the problem significantly worse.

The molybdenum heater stem is not designed for the levels of loading that are

present in the system and is extremely sensitive to eccentric loading; therefore, the

design must bypass the heater and load the bar directly to avoid damage. In addi-

tion to mechanical robustness, the loading structure must also have a low thermal
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Figure 3.10. Plot shows the calculated critical loading level that will
result in buckling over a range of possible stem wall thicknesses and
over the entire range of operation temperatures. This calculation is
based on the assumption of a perfect axially loaded hollow cylinder
with both ends fixed, using AISC recommended effective length con-
dition, K=0.65. Prescribed loadings for ASTM D5470 go up to 3.400
MPa, which is above the critical loading level for high-temperatures;
therefore, buckling is possible.

conductivity to help reduces losses from the bar, and have a low CTE to avoid nega-

tively impacting the reference bar alignment due to CTE mismatch during operation.

In order to meet these operational requirements for the system, we designed a ce-

ramic loading shroud (CLS) that the heater and heat shield assembly is mounted

inside, with light preload for good contact with the bar, and the CLS becomes the

mounting fixture for the upper reference bar. Finite element analysis of the CLS

is carried out using material properties for the case of high-temperature operation.

A design loading condition of 6.89 MPa (∼ 1000 psi) provides a reasonable safety

factor due to uncertainty in the as-fired properties of the ceramic used. Originally
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we specify alumina ceramic for the CLS, but due to the machinability of alumina, we

substituted alumina silicate ceramic. This material is not as good for thermal isola-

tion as the alumina, but it allowed the part to be machined with standard tooling

rather than requiring specialized diamond retooling. However, the long term effects

of high-temperature contact between the alumina silicate and molybdenum are un-

known. There is the potential for some silicon diffusion from the ceramic into the

molybdenum after extended periods of high-temperature operation, but this impact

is monitored by strictly adhering to a regular validation test schedule using a known

properties sample. If the results drift from the known properties of the validation

sample, the sensors and probes will be recalibrated. If the drift persists, the bar will

be examined for drift from its calibrated property state.

In addition to the ceramic loading shroud, three tiers of thermal isolation platforms

(TIPs) are used to mount the heater assembly from the top of the load frame. This is

necessary to aid in the thermal isolation of the heater, directing the majority of the

heat flow through the reference bars and sample while minimizing thermal losses to

the load frame. Each tier of the TIP assembly is machined from 304 stainless steel.

Stainless steel is selected over aluminum, which is about six times cheaper to machine,

due to the lower conductivity of the 304SS, the higher rigidity which permits thinner

features to be used further restricting the geometric heat flow pathways, while not

compromising the mechanical integrity of the components. Each tier is connected with

three ceramic standoffs. This scheme is selected because three points are required to

fully constrain a platform, any more connections than this just add more conductance

pathways for thermal losses. The only exception to this is the mounting between

the CLS and the first TIP, the fixture ring. The mounting of the CLS required

placement of through holes for bolts within 1-1.5 bolt hole diameters of the end of

the cylinder, and necessitated undercutting of a lip around the edge for installation

and space for the box wrench and nuts during installation. Due to these requirements,

high localized stress concentrations are observed during FEM modeling of the CLS.

I chose to address this issue by decreasing the size of the bolts used, thus decreasing
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the clearance holes required in the CLS, and to accommodate the increased loads on

each smaller bolt cross-section, more bolts were added. The net effect of loaded cross-

sectional area is almost exactly the same, but reducing the bolt diameter permits a

more uniform distribution of the load around the CLS and the smaller holes reduce

the stress concentration near the outer edges of the CLS. Additionally, a 304SS load

distribution ring is incorporated between the ceramic standoffs and the CLS which

further helps to reduce stress concentration areas in the CLS, but also serves as the

mounting point for the radiation shields. The mounting bolts from the fixture ring

pass through the load distribution ring and and top lip of the CLS to be secured with

titanium nuts on the underside of the CLS mounting lip. Titanium nuts were chosen

to avoid the danger of galling between the 316 SS bolt and a stainless steel nut since

the high-temperatures preclude the use of anti-seize in the vacuum environment. The

other two tiers of the TIP assembly are discussed further in the section detailing

design for thermal isolation within the system, 3.6.4.

3.6.3 Heater Wiring

The heater must be wired to the high-current feedthrough to supply power to

the heater during operation. The heater supply/return conductors must be appropri-

ately sized to handle the current levels required for the heater operation, but must

be small enough to minimize the thermal losses through the conductor from the

high-temperature heater. Power connections to the heater are simple enough: one

connection is made to the supply line protruding from the back of the heat shield as-

sembly, using a beryllium copper inline barrel connector (Lesker P/N: FTAIBC058),

with a 20 A current rating and a maximum rated operating temperature of 400℃,

while the other connection must be made to the heater body for the current return.

This connection is made via a #6 non-insulated, R-type, nickel-plated OFHC copper

ring terminal secured against the back face of the heat shield assembly using a nut

threaded onto one of the mounting bolts.
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The maximum operating current is 10 A, limited by the single pin current rating of

the power F/T for the vacuum chamber. It is possible to raise this limit if additional

heater power is required in the future by wiring multiple pins in parallel per conductor

through the F/T. There are seven remaining pins in the F/T available for future use

to increase current limit if needed, but a single pin is used per conductor at this time.

The next task is to select appropriately sized connection wires for the heater supply

and return. Several key items must be considered here. First, the conductors must be

capable of carrying the current load in the vacuum environment. Second, the voltage

drop along the total length of the wire cannot be too high. Third, the thermal leakage

pathway for conductance losses from the heater along the wires must be minimized.

Selection of the correct wire size is fairly straight forward for operation in nor-

mal operating conditions. There are current capacity tables and the wire size can

be directly selected from the current rating; however, these standard tables are not

directly applicable to use in vacuum. The current capacity for a wire is defined to

prevent the wire from getting too hot and melting its insulation or melting. So for

use in vacuum, the wire will not be able to reject as much heat as one in air, be-

cause no convective cooling. This means the current capacity of the wire will need

to be derated for use in a vacuum environment. The same is true for use in high-

temperature environments, a wire cannot carry as much current at high-temperatures

as at low temperatures due to limited heat rejection. Using the information regarding

vacuum and high-temperature derating of current capacity from MIL-STD-975 and

NASA/TM-1991-102179 , we build a model to estimate the thermal conductance and

voltage drop in the heater connection wire. The 1-D model considers the electrical re-
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sistance and thermal conductance of copper wire. Temperature dependent properties

are considered, where

κCu(T,℃) = 8.181 · 10−10T 4 − 1.538 · 10−6T 3 + 8.906 · 10−4T 2 − ...

...0.223T + 403.042
W

m ·K
,

rhoCu = 1.68 · 10−8 Ω ·m, and

αTCR = 3.9 · 10−3 ℃−1.

(3.17)

Since we are just modeling the conditions on the back face of the heat shield as-

sembly, temperatures are on the order of 200 - 250℃3, so the electrical resistance is

approximated as having a linear dependence through the TCR to these values. The

temperature dependent electrical resistance is defined as,

RCu(T,℃) =
ρCuL

AC
(1 + αTCR(T − T0)) , (3.18)

where ρCu is the electrical resistivity taken at room temperature (T0). This resistance

is used with the maximum design current to determine the worst case voltage drop

across the leads to the heater by using Ohm’s law. Next the thermal conductance

must be considered for the wire to minimize heat losses from the heater. The thermal

conductance is the reciprocal of the thermal resistance,

G =
1

Rth

=
κAC
L

. (3.19)

The wire diameters used in the analysis are standard sizes corresponding to the Amer-

ican Wire Gauge (AWG). The AWG diameter is defined as

dn = 0.005in. · 92
36−n
39 = 0.127mm · 92

36−n
39 , (3.20)

where n is the gauge number [84]. Using Eq.3.18 and 3.19 we determine that that 14

AWG wire has the best balance between thermal conductance losses and this size is

optimal for minimizing both heat losses and voltage drop at the same time, shown in

Figure 3.11. While 14 AWG is shown to be the best balance for minimizing voltage

3This range is based on conversations with the company about the operation of the heater.
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Figure 3.11. Minimizing the heat conductance losses and voltage
drop for the heater wiring. The optimal point is found to be at 14
AWG, but the thermal losses for the system are more critical than a
slightly higher voltage drop, so 16 AWG is chosen to help minimize
the thermal losses from the heater while still keeping a reasonably low
electrical resistance for the heater power control loop.

drop and thermal conductance together, the thermal losses are more critical to the

system operation, so long as the voltage drop is not unreasonable. After further

analysis and inspection, we determined that 16 AWG stranded OFHC copper wire

with Teflon (PTFE) insulation will be adequate for use in vacuum as it has a derated

current capacity of 13.0 A, providing a 30% safety factor. A smaller wire, 18 AWG,

was considered, but it only has a derated current value of 9.2 A. While these estimates

for current rating are conservative, the 18 AWG would not leave any safety factor in

the system, so it was not selected. Selection of a wire size smaller than the co-optimal

point indicated by Figure 3.11 does mean a higher voltage drop for the control loop,

but the estimated voltage drop for the entire loop, approximately 10 feet (3.05 m), is
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392 mV. This is only 2.45% of the supply voltage level of 16V, so the voltage drop will

not have a noticeable impact on the performance of the system. Due to the limited

heater power available and the size of the system we take great pains to minimize

thermal losses and direct as much of the heater power through the reference bar as

possible. The optimization of heater leads is just a small part of this effort which will

be detailed next.

3.6.4 Thermal Isolation

The limited heater power in the system is important, because if sizable heat leaks

exist, the sample will not reach the target operating temperatures. Additionally,

even if the heater power was not the limiting factor, it is good design practice for

a precision measurement to confine heat flow to the region of measurement. This

is because as the heat leaks to the rest of the system thermal expansion can shift

bar alignment, load cells are elevated out of their rated operating range, and system

components/wiring can be damaged due to high-temperatures. So thermal isolation of

the heater and upper reference bar are critical to system performance. The thermal

isolation platform (TIP) assembly was introduced in Section 3.6.2 to highlight the

design of the interface between the CLS and the TIP assembly. Figure 3.12 shows

the TIP assembly at the top of the load frame. Each level is connected using alumina

silicate ceramic standoffs with vented bolts to hold the platforms together. The

vented bolts are not used here for void volume venting like in blind holes, but rather

they are used since they have a reduced thermal conductance as compared with solid

bolts, which further helps to isolate the high-temperature region from the rest of the

system.

3.7 Thermal Radiation Shielding

Losses due to fixturing and radiation prevent the bar from reaching high-temperatures.

The losses due to fixturing are addressed through careful design of the TIP assem-
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(a) TIPA 1 (b) TIPA 2 (c) Fixture Ring

Figure 3.12. A tiered design is adopted for thermal isolation of the
upper bar and heater. Here the thermal isolation platform (TIP)
assembly is shown. The top two layers of the TIP assembly house the
load cell triad. Each tier is connected using alumina silicate ceramic
standoffs with vented bolts to hold the platforms together.

bly, heater wiring, and probe conductance, now we address the radiation losses. One

way to reduce losses due to radiation at high-temperatures is to reduce the surface

emissivity through polishing or application of a low emissivity surface coating. The

bars have been polished, which reduces the emissivity from that shown in Figure 3.6

to a value of approximately 0.05 at 1000℃ [79]. Another way to suppress thermal

radiative losses is to add radiation shields around the bars to reduce the temperature

of the surroundings seen by the surface of the reference bar.

3.7.1 Overview of design for banked radiation shields

The vacuum environment suppresses most convection losses, and it is easy to verify

that the effects of air conduction under this high vacuum environment are negligible.

The thermal conductivity of nitrogen at 1 µTorr is many orders of magnitude lower

than that of the bar, thus the impact of any losses due to gas conduction will be

substantially below my measurement sensitivity. The remaining mode of heat transfer

to consider for losses is radiation, which is quite significant in my analysis due to the

high-temperatures. Radiation occurs for any surface that has thermal energy, i.e. has
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a temperature above absolute zero, but radiative losses are generally only significant

for cases of large temperature differences, which is the case in this system. The top

meter bar is heated to approximately 1400 K, but is enclosed in a vacuum chamber

which must have the walls kept cooler than 343 K (70℃) to comply with ASTM

C1055-03 for safe operating temperatures for equipment accessible to humans [85].

As a further safety precaution and comfort consideration for the researchers using

the system, the target operating temperature for the exterior chamber wall is set to

40℃. This creates a significant temperature difference under which radiative losses

can influence the measurement. The solution is to add radiation shielding layers

between the central bar and the chamber walls to reduce radiative losses from the

bar.

3.7.2 Shield Design

The required number of shields is determined by considering the trade-off between

available space and the diminishing returns of adding more shields. Figure 3.13 shows

the percent reduction in radiative heat transfer against the case without any shielding.

A clear benefit is seen for the initial shields, but the shielding improvement sees an

asymptotic limit as the number of shields increases.

Conduction along the shield leads to re-radiation from the shield to the bottom

bar acting as a thermal shunt around the sample. This is problematic because the

heat flow through the sample is based upon heat flow through the upper and lower

meter bars. If some heat from the upper bar is bypassing the sample by means of the

heat shield, this will significantly impact the measured value for thermal conductivity.

Additionally, a single shield would require excessive platform movement for sample

loading and block the view for sample-bar alignment with the upper reference bar.

In order to address this issue, the shield is split into several banks to minimize the

problem of axial shield conduction resulting in re-radiation from a hotter shield to

bar/sample. While the division of the thermal shielding into banks greatly improves
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performance, it does not completely solve the issue of re-radiation from the shield to

the bar. This is because the inner-most layer of each shield approaches the average

temperature for the bar it is around as the system goes to steady state. The average

temperature for the bar is by definition hotter than the coldest point on the bar

which results in parallel pathways for heat flow along the bars. One path is the

desired conduction pathway used to measure the heat flow through the sample, but

the other pathway involves the radiation from the bar to the heat shield at the top

where it is hottest, then the shield rises in temperature, becoming hotter than the

lower portion of the bar, and radiates heat back to the bar at the lower portions. This

problem is most noticeable at the highest operating temperatures. I take measures

to minimize this issue by using materials with low thermal conductivities (316 SS)

and polishing the surfaces of the shields to reduce emissivity. Due to the design, the

shields are thicker than is ideal, but this was required to reliably weld each shield

bank together for mounting in the system. Thinner shield thicknesses could improve

system performance by reducing the axial conduction along the shield.

Based upon size and manufacturing limitations, banks of five shields are installed

around the meter bars, while a bank of four shields is installed around the upper

ceramic loading shroud. This banked shielding scheme provides a 99.9% reduction

in radiative losses over the case of zero shields. These shields are installed in three

separate banks to limit the effects from reradiation from the shield to the bar. Seg-

menting the shields serves to provide isolated shielding for the heater, upper bar, and

lower bar respectively. The addition of the shields drastically reduces the impact of

the radiative losses upon the measurement parameters and allows the system to reach

higher operating temperatures at the sample interface with the power available to the

heater. However, even with the shields in place, radiation still must be accounted for

during the analysis.

Three banks of concentric radiation shields are used in the Z-Meter. The largest

attaches to the load distribution ring at the top of the ceramic loading shroud (CLS)

to suppress radiation losses from the shroud. The upper radiation shield bank is
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Figure 3.13. Percent change in radiative heat flow as a function of
the number of shields added compared to the case of no shields. This
calculation is for a Molybdenum bar with surface emissivity εMo = 0.1
and a 304L stainless steel shield with a surface emissivity of εSS =
0.075. The spacing between shields was held constant at 5 mm.

contoured to the shape of the upper reference bar with both horizontal and vertical

shields. This is necessary to minimize heating of the shield assembly from the necked

region of the meter bar which otherwise is exposed to the end and axial view of the

concentric shields. This upper bar shield assembly is mounted to the CLS shield bank

by use of doubly threaded joints. Doubly threaded joints are when both bodies being

joined are threaded. Typically bolted joints have a through-hole and a threaded hole,

or two through holes and a nut is used both of which allow the joint to be compressed

creating a strong fastening point. A doubly threaded joint locks the distance between
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Figure 3.14. The three banks of concentric radiation shields used in
the Z-Meter. The upper bank for the ceramic loading shroud (CLS)
also serves as the mount for the upper bar shield.

two bodies since the fastener engages in both holes. When this is done from multiple

sides of the cylinder, it fixes the upper radiation shield bank in the center of the CLS

shield bank. In addition to providing a clean and compact mounting scheme in the

system, it also serves as an effect means of further thermal isolation of the upper

shield bank. This mounting requires specific layers of the shield assemblies to be

threaded. The CLS shield bank has through holes on the outer three layers, while the

inner-most shield is threaded for all four holes at the top and at the bottom (eight

total).

Only three points are required to fix and define the position of the shields, but

achieving 120° repeatable alignment across all nine vertical layers that comprise the

CLS and upper bar banks proved to be unfeasible. Due to the precision alignment

required to successfully mate parts in this manner, four holes were drilled. While
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(a) Upper Bar Heat

Shield - Bottom View

(b) Upper Bar Heat

Shield - Top View

(c) Lower Bar Heat Shield - Split

Figure 3.15. The banked heat shields are constructed of concentric
polished stainless steel tubes TIG welded together in three locations
at the top and three at the bottom to minimize conduction pathways
between the shields while maintaining structural form. The top of the
upper bar shield bank is contoured with horizontal shields to prevent
the necked portion of the reference bar from radiating energy to the
outer shield layers. The lower shield bank is split to make installation
and alignment of the sample easier.

it is difficult to achieve repeatable 120° angular positioning across all shield layers

during manual machining, parallel or perpendicular alignment to other hole locations

is substantially easier.

Concentric alignment of the upper bar shield bank to the CLS shield bank is

crucial because there is little clearance between the inside of the upper bar bank and

the surface of the bar. The detailed alignment procedure for the shields is included

in Appendix D.

3.8 Mechanical Loading

This system is the first Z-Meter system to permit in situ adjustment of sample in-

terfacial loading without breaking vacuum. This is important as it allows the contact

to be monitored during a test, and adjusted between test runs to keep the loading

at the optimal value over the entire temperature range, since loading will increase as
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the temperature increases due to thermal expansion of system components. Alterna-

tively, the adjustment can be used to change the loading completely and investigate

the pressure dependence of the sample and contacts.

3.9 Load Frame and Loading Mechanism

Due to the geometry and over hanging lip of the vacuum service well, the base of

the load frame had to be substantially undersized for the bottom of the chamber (to

permit it to fit past the lip of the service well), leaving no direct means of securing

the frame in place or confining it to the center of the chamber. The problem this

presents is serious, the high power vacuum F/T for the heater lead is exposed on the

inside of the chamber. I have implemented a detailed standard operating procedure

(SOP), which takes steps to keep the user from having any power available to the

chamber while the hoist is up (chamber is open) through use of a system interlocks

hardwired to the heater power supply. Additionally, we have a mechanical relay

which automatically opens, cutting power to the system, if the chamber is opened

and the heater control unit is powered on. However, if the aluminum base of the load

frame somehow shifts and comes in contact with the exposed power feed through, for

instance while the chamber is open and something gets moved, the user might not

notice as there is no power applied to the feed through since the chamber is open, but

if they then close the chamber and try to apply power to the heater, the load frame

now forms a conductive pathway from the feed through to the chamber walls, the cart,

and adjacent equipment which could put the user at risk of injury. There are several

safety precautions built into the system such as 20 amp fast blow cartridge fuses for

fault protection against short circuit events and a circuit breaker on the front panel of

the heater temperature controller protects from over current as previously discussed

at the beginning of Section 3.6. The chamber will be grounded as a further safety

precaution. User safety is my primary concern, which is why we felt it necessary to

leverage the system design to minimize all possible risks to the users. If it is possible
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Figure 3.16. Z-Meter system during assembly. Here the split lower
shield is clearly visible. This permits better access to the user for
sample installation and alignment to the lower bar. The shields sit
on precision mounting pins in the alumina silicate mounting ring on
the lower copper bar mount.
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for the load frame to contact a live power lead, then the risk is unacceptable even

with the layers of safety precautions as safety devices can fail or a user could be in

contact with part of the metal cart or outside of the chamber when they turn on

the heater power supply. In short, an unconstrained design for the load frame in the

vacuum system carries a possibility of injury, which must be minimized to create the

safest tool possible for the user and protect the tool from damage. I address this

serious problem with multiple layers of redundancies to ensure complete user safety

and optimal system operation. First, after the load frame plates were machined, we

masked the sides, the machined boss mount surfaces for interfacing with the load

frame bars, and plugged the threaded holes using set screws to protect the threads

from damage. Then, we bead blasted the large top and bottom areas to create a

uniform, slightly textured surface. This textured surface is less prone to sliding on

the machined service well base plate than a smoothly machined surface, especially

when the textured surface is combined with the heavy weight of the load frame.

Bead blasting is utilized instead of sand blasting because utilizing the small glass

beads provides a more uniform finish. It is important to mask the boss faces where

the load frame bars mount to preserve the precision flat surface carefully machined

to ensure perpendicularity between all for bars and the frame base to guarantee a

precise fit with the top platen. The importance of masking the sides, particularly the

radii, of the frame base is directly related to the next layer of redundant safety.

The bead blasting of the frame base provides some improvement to the safety of

the system, but it does not actually keep the load frame centered in the service well.

This is important for several reasons, first, there are dozens of small diameter signal

cables that are connected between terminals on the load frame and the electrical

F/Ts of the vacuum chamber. These cables are delicate due to their size and should

not be strained by pulling on them through the movement of the load frame in the

system. Similarly the flexible convoluted metal tubing used to bridge the dynamic

gap between the in-vacuum tube assemblies and the cold plate mounted on the lab

jack require very thin walls to maintain such flexibility. In addition to the convoluted
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tubes, there are orbital welds in the heat rejection system (HRS) in-vacuum tube

assemblies. These tube assemblies are routed around the load frame and mounted

in two insulating clamps on the back to prevent the movement of the lab jack from

pulling on the cantilevered tubes and subjecting the welds to bending moments.

Subjecting orbital welded tubing assemblies to bending moments from the load frame

being moved around repeatedly combined with the high pressure differentials that

the tube experiences during operation in vacuum, puts the system at a high risk for

a coolant leak into the vacuum environment. Therefore, it is essential that the load

frame is fixed in position inside the chamber.

The base of the load frame is made from a 2.000 inch thick plate of 6061-T6

aluminum, which cannot be welded in place inside the 304 stainless steel vacuum

chamber using standard welding methods. Stainless threaded boss tabs could be

welded into the system, then components secured to these, but it could limit future

versatility of the system for adaptation to new components or testing methodologies.

Instead we developed a novel system to confine the load frame to the correct central

position and prevent its translation withing the service well without any form of

attachment to the service well. Utilizing a similar concept to kinematic mounts often

seen in optical systems, we are able to position the load frame in the center of the

service well and keep it from coming into contact with any of the vacuum F/Ts. This

mounting system leverages the inner curved surface of the vacuum service well, the

base of the load frame with my carefully designed radii, and four pairs of spacing

cylinders to place around the base. I machine pairs of (� 1.500 in.) stainless steel

cylindrical spacers, to the same height as the thickness of the load frame base (2.000

in.), from the same stock used to turn the load frame bars. I chamfer the bottom

edge to avoid any contact with internal welds on the vacuum chamber, drill and

thread holes on top of these spacer cylinders, and connect each of the pairs with an

aluminum rigid coupler using a vented hex drive flat head screw. These couplers

hold the cylinders the perfect distance apart for each to make one line of contact

with the wall of the service well and the another contact line with the radius of
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the load frame base. The tangent alignment devices (TADs) drop in and lift out,

without tools or disassembly of other parts of the system. They are designed this

way to avoid the need for additional assembly or disassembly inside the vacuum

chamber where fastener might be dropped and roll into the port where the turbo-

molecular pump is at the back of the chamber. Additional precautions and features

implemented for the protection of the turbo-molecular pump are discussed in Section

3.11.2. Implementation of the TADs creates a system that cannot be easily shifted

into a high power electrical F/T resulting in a more robust design and a safer system.

Another concern for the experiment is the alignment of the bars to the sample,

so great care is taken during the fabrication and assembly of system components to

maintain alignment within the ASTM D5470 specification of bar faces being parallel

to within 5 µm [26]. All parts are toleranced in such a way as to minimize the impact of

tolerance stacking and insure proper bar alignment; however, there is some variability

that must exist in a system with this many parts which are connected between the

mounting for the top and bottom bars. Each of these parts that must be connected has

some variability built into its final position in the system due mainly to the through

hole tolerances when assembling the components. Instead of drastically increasing

machining costs by holding extreme tolerances for all components throughout the

system, we elected to hold consistently tight tolerances, but not over machine the

system to accomplish my alignment goals. Instead, we assemble the system, then

utilize the available few thousandth of an inch in play for both the top and bottom bar

assemblies to bring the bars into alignment. A detailed procedure for bar alignment

is presented in Appendix C. This procedure was completed verifying that the bar

faces are parallel to within 5.08 µm (0.0002 in.), further refinement of this procedure

could be achieved by using a 0.0001 in. step go/no-go gauge instead of a 0.0002 in.

step.

Finally, the system must be capable of axial loading of the sample and bars to over-

come the interfacial contact resistance for the electrical and thermal measurements.

A loading system, shown in Figure 3.16, capable of applying interfacial pressures up
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to 10 MPa at the sample was designed and implemented. The design of this loading

system departs from all previous Z-Meters in that it keeps the top bar fixed and

moves the bottom bar to provide loading to the sample. This feature proves to be

very important for many reasons throughout the system. The most noticeable im-

provement is that this design permits the loading control to be easily moved outside

of the vacuum chamber by connecting the lab jack (Newport 281-V64) lead screw to

a rotary F/T via a sliding universal joint and two precision axles allowing the user to

adjust the interfacial loading without breaking vacuum or cooling the system down.

Holding the top bar fixed and only moving the bottom bar is advantageous for many

other reasons as well. Now that the top bar is fixed, it eliminates the need for lin-

ear/sleeve bearings to be installed for the top plate, as is common for other systems.

This eliminates the slight play that exists in sliding bearing setups and avoids the ne-

cessity of compliant bearing mounts to avoid jamming of bearings/guide rails during

movement. Additionally, to achieve interfacial pressures of 10 MPa, a considerable

amount of weight, approximately 136 kg (300 lbs), would need to be applied to a

dead-weight style system where the top bar provides the loading. Moving this much

weight into/out of the system can be dangerous since it must be lifted to a height of

over 1.5 m (5 ft) to install it on top of the load frame. Incorporation of the lab jack

into the loading design makes the system less prone to damage of someone dropping

the upper assembly and bar into the lower bar, or injuring themselves while moving

the assembly into place. Some previous systems use a screw loading system, and while

this is much safer than the dead-weight design, it still requires the vacuum chamber

to be vented for adjustment and prohibits adjustment of the load during the test.

In contrast to previous system, my bottom actuated loading design makes alignment

of the sample much easier due to the fine adjustment of the sample loading with a

control knob and the user being able to keep the sample in view while dialing in the

bar contact.

4This is a high-vacuum compatible version of the standard high capacity 281 lab jack.
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An added benefit of the bottom actuated loading bar is it minimizes any move-

ment of very the thin thermocouple lines for the highest temperature sensors due to

increased error resulting from any cold working and induced strain in the thermocou-

ple leads. A consequence of moving the bar actuation to the bottom of the chamber is

that the cold plate for the heat rejection system (HRS) must now move up and down,

thus requiring flexible fluid lines in the vacuum system. This minor complication is

addressed in Section 3.10 detailing the HRS design.

A triad of high vacuum compatible s-beam load cells (FUTEK LSB200 - QSH01649)

are installed to measure in situ axial loading of the sample. Our design incorporates

three load cells to achieve optimal system performance for measuring the interfacial

load. Dividing the load improves the measurement accuracy over that possible with a

single load cell because sensors with a smaller range and higher accuracy can be used,

thus reducing the overall measurement error for the axial load. The reason for using

three load cells was to fully constrain the meter bar, but avoid over constraint of the

system. Unlike the use of one or two mounting points, three points of contact fully

constrain the column location, but do not over constrain it like a quad mount would

do. Avoiding over constraints in system mounting helps to prevent offsets between

the applied load and load measured due to physical constraint. Finally, the use of

several load cells spaced around the loaded column permits monitoring of load uni-

formity throughout the test, as any eccentric loading will be registered by a change

in loading between the triad.

3.10 Heat Rejection System

The heat rejection system (HRS) consists of a pumped fluid loop to remove heat

from the bottom of the bar through a cold plate and reject this heat outside the

chamber at the chiller. The cold plate (MaxQ 001-MXQ-01) is aluminum, with in-

ternal heat transfer enhancing fins, as shown in the sectioned view, Figure 3.19, and

is friction stir welded to form a high quality weld which will not leak or fatigue over-
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Figure 3.17. The performance curve for the MaxQ coldplate (001-
MXQ-01) for a 50% ethylene glycol/water coolant mixture. The ther-
mal resistance values are calculated based upon the difference between
the maximum coldplate temperature and fluid inlet temperature. The
pressure drop calculations include two 1/4-18 NPT hose barb fittings.
Courtesy of MaxQ Technology [86].

time even with normal loading of the surface at high-temperatures. The surface of

the cold plate is machined flat to within 0.025 / 25.4 mm with a maximum finished

surface roughness of 0.8 µm. This ensures good thermal between the cold plate and

the copper mounting base for the bar.

3.10.1 System Flow Tubing

An often over looked design element is the routing of the fluid lines for removing

heat from a chamber, but this can prove an important part of the system design.

First consider tubing on the outside of the vacuum chamber. The tubes will reach

temperatures of around 150℃ which means that sensitive signal conductors must be



92

Figure 3.18. View of coldplate surface, machined flat to within
0.025/25.4 mm, with a maximum surface roughness of 0.8 µm for good
thermal contact with copper base mount. The top has threaded holes
distributed over the face to keep the surface in intimate thermal con-
tact. The shallow holes seen on this surface in three places are where
the friction stir weld joints were inspected, these void volumes are
vented from channels on the bottom of the copper base plate to avoid
slow virtual leaks.
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(a) View of fins inside this model of MaxQ coldplate.

(b) View showing flow manifolds and fin structures.

Figure 3.19. Sectioned view of the same model coldplate showing
internal heat transfer grid in the central region and flow distribution
channels down the sides. The joints where the top plate is laid in
after internal machining are not visible due to the high-quality of the
friction stir weld. Courtesy of MaxQ Technology [86].
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kept away from these lines to avoid impacting signal quality as the line heats up. All

tube routes were designed to enter the chamber from the bottom of the cart which

minimizes the exposure to the operator to hot tubes. In addition to routing the tubes

away from operator accessible areas, a thick rubberized fiberglass insulation sleeve is

added to the outside of all tubing to provide another safety barrier. Tubing inside

the vacuum chamber is slightly more complicated as space is limited and the vacuum

environment is not conducive to using traditional insulation sleeves to protect wiring

from the flow tubing. Wiring inside the chamber is routed to avoid proximity to

the hot fluid return line from the cold plate. The HRS tubing is routed to bring

rigid tubing as close to the cold plate as possible, but since the cold plate must

vertically with the lower bar, flexible lengths of tubing are required. Convoluted

stainless steel tubing allows a vacuum tight flexible connection in the limited space

inside the chamber. It is critical when installing a flexible metal fluid line that motion

be constrained to a single plane to avoid twisting of the fluid line during movement.

Tubing bends are avoided within three tube diameters of an orbital weld or connector

location which helps to minimize leaks within the system. A ceramic port break is

installed on the HRS fluid outlet F/T as a thermal standoff to reduce the heating of

the chamber walls.

3.11 Vacuum Environment/System

Vacuum environments are commonly used during thermal property measurement

to suppress convective losses from the sample and probes. Exact relations for pres-

sure dependence of convection loss can be determined by considering the effects of

momentum and heat transfer through rarefied gases, for a detailed treatment please

consult the work by Jousten [49] for a thorough overview of the process. After con-

sulting the calculations detailed by Jousten, it is apparent that a vacuum level of <

1× 10−3 Torr is required to suppress the majority of convective losses. While further

decreasing the vacuum pressure will help further decrease any convective losses, it
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also leads to a marked increase in the contact resistances within the system. The

requires a delicate balance between preventing convection losses from the bar and

maintaining favorable contact conditions. The high operating temperatures for some

system components poses a further complicating factor as these parts will readily

oxidize at such high-temperatures in the presence of O2.

In order to address this problem and keep the system free from damage, while still

maintaining favorable thermal contacts, the system has been designed to allow the

user to operate at higher pressures that would be possible with O2 in the atmosphere

through the use of an inert gas atmosphere. This allows the user to pull a hard vacuum

(1× 10−6 to 5× 10−5 Torr) to sufficiently reduce the O2 levels in the chamber, then

backfill the chamber with an inert gas to bring the chamber up to a pressure level

that has adequate thermal contact with the sample but still suppresses the convective

losses from the meter bar. Typically this backfill pressure is approximately 1× 10−3

Torr. The backfill gas is plumbed for N2 from the building supply lines, but can

easily be switched to any high-purity, inert, compressed gas by connecting the 1/4 in.

Swagelok fitting to a K-Bottle regulator. The backfill gas pressure should be set to a

level of 0.15 MPa (7.3 psiG) [87].

3.11.1 Design to Minimize Virtual Leaks

In a vacuum chamber, air is pumped out of the enclosure to create a volume of

low pressure (vacuum); however, what about the volumes of air that cannot easily

leave the chamber? These void volumes are trapped in some enclosed portion of the

design and slowly leak out over time to leave the system, but in doing this it raises

the system pressure slightly over time. This is called a virtual leak.

It is important to minimize virtual leaks because they can be damaging to the

system since the pressure differentials can be quite high, and the presence of virtual

leaks makes it more difficult to run an experiment as longer pump down times are

required to obtain the ultimate vacuum level. These void volumes are often at the
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Figure 3.20. A view of the bottom of the copper mounting base that
interfaces with the cold plate. This shows the effects take to properly
vent all dead volumes for use in vacuum and minimize virtual leaks.
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bottom of blind holes, or small cavities between bolted interfaces. Design for mini-

mization of virtual leaks simply seeks to minimize regions of trapped gas. This can be

accomplished by using through holes wherever possible in the design (this also typi-

cally helps to reduce machining costs). If blind holes are required, vented hardware

should be used or a venting channel should be machined to relieve the void volume

at the bottom of the blind hole. This can be done by drilling a small hole from

another face to provide a path for the gas to escape from the trapped void volume.

Finally, special attention must be paid to bolted interfaces, as these can often contain

captured voids. In the cases where a bolted interface must cover a pocket or tops of

blind holes, such as shown in Figure 3.20, then venting channels must be added to

allows the gas to freely escape during vacuum pump-down.

3.11.2 Vacuum System Configuration

Finally, the selection of the vacuum system components themselves can have a

major impact on the quality of the system vacuum. I chose a dry scroll pump (Ed-

wards nxDs10i) as this provides an oil free pump for roughing the system to avoid the

potential problem of oil backstreaming and contaminating the system. This model

also has an integrated non-return valve which protects the system from being vented

in the event of a power failure. This system protection is critical for the Z-Meter

system because with very long equilibration times for high-temperatures. While the

facility where this system is located does run with uninterruptible power supplies

(UPS) to certain lab instruments, it is always a good idea to have a redundant sys-

tem in place to ensure that the system is not accidentally vented while the bar is still

hot and damaged, for instance if there was a power outage while a test was running

at a high-temperature. Dry scroll pumps are an excellent option for low-maintenance

and quiet pump operation in a small lab space. Additionally, due to the way a scroll

pump operates, it is inherently a low-vibration pump design. This is important be-

cause the roughing pump needs to be mounted on the same cart as the Z-Meter to fit
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in the lab space. As an added layer of prevention, we added further vibration isolation

mounting pads to minimize any impact from the roughing pump on the measurement

system.

In addition to a roughing pump, we also utilize a turbo-molecular pump (Osaka

TG450F) connected directly to the 8 in. conflat mounting port on the bottom of the

vacuum service well. This pump comes with an inlet baffle screen to prevent debris

from falling into the opening from the chamber, but the stock screen has openings that

are large enough to let small screws from the system fall into the inlet of the turbo

pump. In order to prevent accidental damage of the turbo pump, an auxiliary screen

constructed from copper was added, which reduced the mesh size by approximately a

factor of four. This provides a sufficiently small mesh size to catch any bolts from the

system before the enter into the turbo pump. While the protection of the pump is

critical to proper system operation, the addition of this auxiliary screen does reduce

the vacuum conductance proportionally to the reduction in input area. This was a

necessary price to pay for system protection, and the system still reaches a vacuum

level of approximately 5× 10−5 Torr in thirty minutes.

The final components that make up the core of the vacuum system are the vacuum

pressure gauges. I utilize a dual gauge scheme to provide better pressure measure-

ment over the wide range of operation pressures. I have installed both a wide range

convection gauge (KJL275316) for the range 1× 10−4 to 1,000 Torr and an ionization

gauge (KJLC392402YD) for 1 × 10−9 to 1 × 10−2 Torr. This dual gauge approach

allows for accurate pressure measurement over the entire range of system operating

pressures. The ionization gauge is equipped with a Yttria filament (IG4YD) instead of

a tungsten filament, because Yttria filaments are more robust and provide for longer

accurate operating lives under the rigors of typical lab usage. These gauges work

well with other operating fluid besides Nitrogen/Air, but require the user to apply a

sensitivity correction factor to the displayed reading from the ionization gauge to ac-

count for the different gas. Sensitivity correction factors for this ionization gauge are

included in Table 3.6. These factors are applied as follows to a reading to correct for
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Table 3.6. Ion gauge sensitivity correction factors for selected gases [88].

Gas Correction Factor

Air 1.00

Ar 1.29

CO2 1.42

He 0.18

N2 1.00

another working gas. If the gas being used is He, and the gauge displays a pressure

reading of 1 × 10−6 Torr, then the user must determine the appropriate correction

factor from Table 3.6, which is 0.18 for He, and apply this to the displayed pressure

to find the corrected pressure reading:

PHe =
1.0× 10−6 Torr

0.18
= 5.6× 10−6 Torr. (3.21)

3.12 General System Configuration Considerations

3.12.1 Cabling

Cable layout and construction is carefully designed in this system to minimize

noise pickup. I utilize individually shielded, silver plated copper, twisted pairs with

PTFE insulation for all critical electrical connections. External cables are laid up

into wiring harnesses which are carefully tied to minimize noise pickup loops between

leads. Each wiring harness is run from the instrumentation rack to the Z-Meter

cart, then secured in place to avoid microphonics, cable vibrations in a magnetic

field resulting in an induced emf by vibrations of conductors causing fluctuations

in the stray capacitance between two conductors. This is the reason that all wires

are twisted and tied into appropriately grouped wiring harnesses then laid out and

secured to prevent excess movement during the experiment.
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The wiring harnesses themselves are also separated to preserve signal integrity.

Low level DC signals have a separate harness from power signals, and are also separate

from the digital communications harness. The separate harnesses are also routed to

maximize physical separation between cable runs, and where crossing is necessary,

harnesses are crossed at 90° to minimize impact on the low level signals. Cable

entry to the rear of the equipment rack is organized using rails that permit highly

configurable mounting positions to keep signal types separate, but also provide strain

relief for the cables prior to entering the instruments. This level of cable organization

is extended to the selection of the feedthrough locations inside the vacuum chamber.

The placement of low level signal feedthroughs is done in such a manner as to iso-

late them as much as possible from hot liquid feedthroughs, power feedthroughs, and

mechanical rotary feedthroughs. Additionally, the placement of the signal feedthroughs

is done to place them as close to the instrumentation rack as possible and further re-

duce the length of the wiring harnesses. The Z-Meter is designed and assembled in

compliance with NASA-STD-8739.4, which governs crimp contacts and reliable con-

nections. As such, Mil-spec twist-lock circular connectors are used for external low

level signal connection, which provides excellent reliability in connection and ample

electrical shielding at the connections. Internal connections are made with special

vacuum compatible PEEK and stainless steel circular connectors. The internal and

external connectors utilize MS3476(MB16)-MIL-DTL-26482, Series 2 crimp connec-

tors. Crimp connections are made with a DMC AFM8 (M22520/2-01) crimp tool and

the K18 positioner head. This crimping tool is calibrated to meet MIL specifications

governing install of aerospace crimp connections.

3.12.2 Noise

First, consider the type-S thermocouples. Common noise can be picked up in

both measurement leads (thermo-elements), which is why the leads are always kept

in close proximity and the gap between the conductors is minimized to avoid inde-
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pendent or out-of-phase noise between the lines. I set up the voltage measurements

for the thermocouples as differential measurements to help eliminate this common

noise pickup. High purity (99.8%) alumina dual bore sheathing is used for the type-S

thermocouples. The purity of the material is critical as impurity leaching from mate-

rials in contact with the pure platinum at high-temperatures is the largest contributor

to sensor drift, which is due to a change in material composition. The measurement

junction of the thermocouples is inert arc welded using carbon electrode for the added

quality of the joint, and it allows the joint to be better centered at the end of the

sheath and encased in high purity alumina potting cement to electrically isolate the

thermocouple form the bar. Additionally, all cabling external to the vacuum chamber

is run as individually shielded twisted pairs. The cable shield is connected to the same

clean ground reference as that of the thermocouples.

Special care is taken to avoid thermal gradients at any lead wire connections to

minimize added thermoelectric noise from dissimilar contacts. This is accomplished

by mounting connection terminals on thick isothermal copper plates which act as

heat sinks and act to suppress thermal gradients across connections. This is the

same layout as the cold junction compensation (CJC) block, but the CJC also has

precision PtRTDs mounted between every two terminal block pair to precisely know

the temperature at each individual connection terminal pair and properly compensate

the signal. Solder joints are avoided throughout the system for two reasons. In

vacuum solder can easily contaminate the system due to its vapor pressure and the

low operating pressure of the chamber, but solder can also contribute additional

noise at contacts. Solder can introduce excess noise at contacts due to impurities or

residual flux that was not fully removed. Additionally, perfectly repeatable solder

joints are incredibly hard to achieve especially across different installation days and

even worse with more than one installer. This can lead to variations that stack up

throughout the system and thus major contributions from excess noise. It is common

practice in the aerospace industry to avoid solder joints for wiring when possible and

instead utilize crimp contacts, which provide reliable, clean, and highly repeatable
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connections. As previously mentioned, the Z-Meter is assembled in compliance with

NASA-STD-8739.4 to ensure reliable connections.

In addition to the possibility of a dry solder joint or contamination adding to the

measurement noise, solder also adds a dissimilar metal at the contact point and can

have large contributions to thermoelectric noise in the system if thermal gradients are

present. These factors drove the minimization of solder contacts within the system

to only those present in the extension of the PtRTD leads, which was done with high

purity, lead and cadmium free solder under extremely clean conditions. All connection

points are thermally anchored to a copper plate to avoid thermal gradients across the

junctions. The PtRTDs are designed as two wire connections, instead of splicing two

additional sense wires into the leads of all RTDs, we instead calibrated for the lead

resistance at several temperatures and current levels to apply as a correction in post

processing of the data. The sense current will be optimized during sensor calibration

to maximize the signal-to-noise ratio while minimizing self heating.

Much of what is done for the thermocouples is also done for the electrical leads for

the sample voltage measurement. It is still connected through the CJC terminals to

monitor the junction temperature and compensate for any temperature fluctuations

that might impact the measurements. In the voltage measurements, the leads are

required to be in electrical contact with the bar, which means there will be dissimilar

metal contacts with large temperature gradients. This thermoelectric noise is removed

from the system by taking a measurement, reversing the measurement polarity, and

then taking another measurement. By combining these two measurements, the impact

of the thermoelectric noise is easily removed.

Reducing noise at the instrument is accomplished by utilizing long integration

times for the A/D converter. The system has a slow response, so it is not a problem

to have integration times of 1-2 seconds (maximum integration time for instrument)

which drastically reduces noise. Readings are averaged across intervals of 10 seconds

to further reduce noise, as noise decreases proportionally to the square root of the

number of averaged samples [89, 90]. It is also important to select an appropriate
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measurement range as performing measurements at the edge of gain region has the

largest gain errors. The digital multimeters (DMMs) are configured as follows:

• Resolution is set to maximum precision in slow mode (long integration time)

• Input resistance is set to >10GΩ for best DC voltage accuracy

• Math null is used to remove interconnection offset for DC voltage measurements

In addition to these settings, auto-zero is used to remove the offset voltages present

on the multimeters circuitry. Auto-zero works by internally disconnecting the input

signal following each measurement and recording a zero reading to subtract from the

preceding measurement readings. A single point, star grounding scheme is utilized

for tying into the clean instrumentation ground at the Birck Nanotechnology Center

(BNC). This grounding scheme utilizes a single low impedance bus bar as the direct

connection interface for each instrument that requires an instrumentation ground

reference and shield references.

3.12.3 Electronic Measurement Instruments

Temperature measurement is performed in voltage mode rather than direct tem-

perature measurement mode to improve reading accuracy [91]. A custom cold junc-

tion block mounted inside of the chamber is used rather than electronic cold junction

compensation for further error reduction in temperature readings [59]. One platinum

resistance temperature detector (Honeywell HRTS-5760-B-U-0-12) is used for each

thermocouple channel pair on the internal cold junction block and these values are

used for cold junction compensation. Voltage measurements for Seebeck and elec-

trical conductivity are taken using the Agilent 3458A as a dedicated instrument for

voltage measurements across the sample, so the uncertainties for these measurements

are based upon the calibrated accuracy of this instrument within the appropriate

voltage measurement ranges [92].
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4. ANALYSIS AND UNCERTAINTY QUANTIFICATION

4.1 Analysis

Due to the multiphysics nature of these measurements, many things must happen

simultaneously to accurately gather data during the experiment. Since the end goal

of the system is to measure ZT, we know that three properties must be measured:

Seebeck coefficient (S), electrical conductivity (σ), and thermal conductivity (κ).

The Seebeck coefficient is determined by measuring the open circuit voltage across

the sample while it is held under a thermal gradient:

S =
∆VOC
∆T

. (4.1)

It is crucial that the ∆T must be determined only across the sample, as interfacial

conductances and probe offsets can adversely impact the measurement of the See-

beck coefficient. This requires characterization of the bar and sample interfaces to

accurately account for both thermal and electric contact effects. Since the determi-

nation of temperatures at the contact interfaces is not always easy and can require

extensive characterization of contact behavior, we also present a secondary means of

determining the Seebeck coefficient from the test data for the electrical conductivity.

Electrical conductivity has traditionally been measured by bringing the sample

to an isothermal state at the desired temperatures, then using a four-probe electrical

measurement to determine the cross-plane resistivity of the sample. Bringing the

This chapter is based largely on an ITHERM conference paper written by the author in 2018.
©2018 IEEE. Reprinted, with permission, from Miers, C. S., & Marconnet, A. M. (2018). Uncer-
tainty Quantification for a High Temperature Z-Meter Characterization System. In 2018 Intersociety
Conference on Thermal and Thermomechanical Phenomena in Electronic Systems (ITHERM) (p.
10). San Diego, CA.
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sample to an isothermal state in this system would preclude the simultaneous mea-

surement of the properties as thermal gradients are required for both the Seebeck

coefficient and the thermal conductivity. Therefore, we need a means of extracting

the electrical resistivity while holding the sample under a thermal gradient. The

drawback to this is that the measured electric potential across the sample will be

comprised of the ohmic voltage drop for the sample and the Seebeck voltage from the

temperature gradient.

Vtot = Vohm + S∆T (4.2)

In order to address this issue, we sweep through different levels of sense current that

is passed through the sample, and the voltage measured as a function of current can

be used to evaluate electrical conductivity. At each current level, we measure the

voltage drop for current flow in both directions through the sample, with the current

direction being switched with a frequency of 0.5 - 1 Hz. This frequency is selected

as it provides a long enough time for the electrical readings to stabilize but is faster

than the thermal response time of the system and minimizes contributions from Peltier

heating in the sample. Another advantage of measuring the voltage drop with current

flowing in both directions, is that the effect from the Seebeck voltage can be cancelled

out. This is because the Seebeck voltage is developed due to the temperature gradient

applied to the sample, since we reverse the current direction, but the temperature

gradient stays fixed, we will be able to account for the Seebeck voltage contribution

and eliminate it from the voltage reading by averaging it out [13,14]:

VOhm =
[VI+ + S∆T ]− [VI− + S∆T ]

2
. (4.3)

It is also important to keep the supplied current level small enough to avoid Joule

heating during the measurement to avoid modifying the temperature gradient imposed

by the Z-Meter. A final benefit to the voltage versus current sweep method for

measuring the electrical conductivity is that it has a built in means of determining

the Seebeck voltage. When the voltage response with current is plotted, the slope
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of the line is the ohmic resistance (Rohm) for the sample, but the y-intercept is the

Seebeck voltage. The electrical conductivity can be calculated as

σ =
LS

Rohm · AC,S
. (4.4)

Finally, the thermal conductivity of the sample must be determined by using

the meter bar method. In this measurement, it is paramount that the heat flow in

the meter bars is well characterized, all losses are accounted for, and the analysis

adjusted for these losses. The heat flow through the sample is unknown, but under

perfect conditions (no losses) it will be the same as the heat flow through the meter

bars themselves. Since the thermal conductivity of the meter bars has been well

characterized across the full temperature range of operation and the temperatures

at known spacings along the bar are measured accurately during the experiment,

Fourier’s law provides the heat flow through the bars as:

q = −κBAC,B
∆T

∆Z
. (4.5)

If we know the heat flow through the bar above the sample, and that through the bar

below the sample, then averaging these will provide a good estimate of the heat flow

through the sample; in-fact, the ASTM D5470 measurement standard was recently

updated and now states [93],

6.4.4 If the heat flow meter bars are used on both the hot and cold surfaces,

guard heaters and thermal insulation is not required and the heat flow

through the test specimen is computed as the average heat flow through

both meter bars.

However, while this might be sufficient for measuring the heat flow and determining

an effective thermal conductivity, it does not provide sufficient accuracy to permit

accurate extrapolation to the interface temperatures to accurately determine the See-

beck coefficient.

In order to properly determine the temperature profile in the meter bars, we must

develop a heat transfer model that accounts for conduction along the bar, and radi-

ation losses from the surface. Figure 4.1 shows a schematic that depicts a cylindrical
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Figure 4.1. A schematic view of the model developed to account for
thermal radiative losses.

bar of diameter D and length L. The following model is based upon the following

general assumptions:

• Bar is at steady state

• 1-D Conduction in bar (uniform cross-sectional temperature profile)

• Surface losses are due only to radiation (no convection in the vacuum chamber)

• Bar radius is constant with length and not a function of temperature

• Surface emissivity is constant

• Diameter of bar is small compared to that of the vacuum chamber (Tsurr)

• No heat generation within the bar.

Since the diameter of the fin is much smaller than that of the vacuum chamber

that it is enclosed in, the surroundings can be treated as a black body at constant
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temperature, Tsurr. Considering the energy balance for the discrete element shown in

Figure 4.1,

qz − qz+∆z = qrad, (4.6)

where q|z and q|z+∆z are, respectively, the heat flow into and out-of the discrete

element through the bar cross-sectional area, AC . The surface losses due to radiation

for the discrete element can be described as qrad = εASσ(T 4 − T 4
surr), where AS =

πD∆z. If we divide both sides by ∆z,

qz − qz+∆z

∆z
= επDσ(T 4 − T 4

surr), (4.7)

and then noting that the left hand side of the equation is Newton’s difference quotient

for q at z and taking the limit as ∆z → 0

lim
∆z→0

−(q(z + ∆z)− q(z))

∆z
= lim

∆z→0
επDσ(T 4 − T 4

surr), (4.8)

we see the left hand side is the definition of the derivative of q at z. Applying the

squeeze theorem to the right hand side and noting that this part is continuous in the

interval [z, z + ∆z], we get:

−dq
dz

= επDσ(T 4 − T 4
surr). (4.9)

Then substituting Fourier’s law, q = −κAC dTdz , into the equation, we end up with:

d

dz

(
κ(T )

dT

dz

)
= −επDσ(T 4 − T 4

surr)

AC
, (4.10)

where κ(T ) is a function of temperature. Due to the temperature dependence of the

thermal conductivity and the specific boundary conditions we have for this situation,

this equation does not lend itself to an easily obtained closed-form solution; however,

we can set it up for numerical integration to obtain the temperature profile between

the two known points.

If we substitute Fourier’s law into (4.7), we have:

−κAc
dT

dz

∣∣∣∣
z

−
(
−κAc

dT

dz

∣∣∣∣
z+dz

)
= εσAs(T

4 − T 4
surr), (4.11)
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which can be discretized

−κiAc
Ti − Ti−1

∆z
−
(
−κiAc

Ti+1 − Ti
∆z

)
− εσP∆z(T 4

i − T 4
surr) = 0 (4.12)

⇒ Ti+1 − 2Ti + Ti−1 −
εσP∆z

κiAC
(T 4

i − T 4
surr) = 0, (4.13)

and finally linearizing (4.13), we get

Ti+1 +

(
−2− εσP∆z2

κiAC
T 3
i

)
Ti + Ti−1 = −εσP∆z2

κiAC
T 4
surr. (4.14)

This equation can be solved within the data analysis loop in MATLAB by providing

initial guesses for the solution, which are based on a linear profile between the known

temperature boundary conditions at z = 0 and z = L.

The final factor to consider is the losses at the interfaces to the sample, which are

generally described through contact conductances

htotal = hcond + hrad + hgap, (4.15)

where the total conductance is comprised of three conductances: conduction through

the contacting areas, radiative transport across the interface, and gap conductance or

conduction through the gas filled pockets at the interface [94]. The contact conduction

is treated with a geometric deformation model for the interfaces of surfaces. These

values are assumed to be independent and normally distributed having probability

density function:

p(y) =
e−

y2

2σ2

σ
√

2π
. (4.16)

In the probability density function given by (4.16), σ represents the standard deviation

height, and is defined by

σ =

[
1

L

∫ L

0

y2dx

]1/2

=

[∫ ∞
−∞

y2p(y)dy

]1/2

. (4.17)

This model considers the distribution of the roughness features at a surface depending

on the standard deviation of surface height, σ, and effective absolute surface slope, m,

of the asperities, both of which are obtained from a profilometer measurement [94].
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The real contact area, Ar is reduced from that which is obtained by using the bar or

sample cross-sectional areas, otherwise known as the apparent contact area, Aa. The

relative real contact area can be defined as [95]

Ar
Aa

=
(a
b

)2 1

2
erfc(x), (4.18)

where a is the mean contact-spot radius, b is the mean cylinder diameter, and erfc(x)

is the complimentary error function of x = Y√
2σ

. Two rough surfaces in contact can be

evaluated as one rough surface, with equivalent roughness and slope, in contact with

and penetrating a perfectly smooth surface. The ratio, Y
σ

is called the relative mean

plane separation and describes the average separation distance the rough and smooth

surfaces when plastic deformation occurs at the peaks of the asperities. Mantelli [94]

defines the contact-spot density for such a case,

n =
1

16
(
m

σ
)2ex

2

erfc(x), (4.19)

and the mean contact-spot radius as,

a =

√
8

π

σ

m
ex

2

erfc(x). (4.20)

In order to use this model, the equivalent roughness and slope for the single rough

surface as defined by the actual properties for the two surfaces are given as σ = σ2
1 +σ2

2

and m2 = m2
1 +m2

2 respectively.

This analysis is then carried forward to determine interfacial conduction lengths

and areas based upon the probable interfacial contact conditions established by the

geometric deformation model. Yovanovich proposed a correlation that captures the

physics due to thermal, geometric, and deformation effects found in the above model

that is widely used to describe contact conductance [94,95]:

hc
κ̄

σ

m
= 1.25

(
PLoad
HC

)0.95

(4.21)

where κ̄ = (2κ1κ2)
(κ1+κ2)

is the harmonic mean of the thermal conductivities of the two

materials at the interface, σ/m is the surface roughness parameter(given in µm), PLoad
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is the applied contact pressure, (given in Pa), and HC is the surface microhardness.

This model agrees to within 1.5% of the full model in the range 2 ≤ Y/σ ≤ 4.75, yet

it is much more compact for ease of implementation [95]. Solving for the geometric

constriction conductance,

hc = 1.25κ̄
m

σ

(
PLoad
HC

)0.95

. (4.22)

This fully defines the conduction constriction contact conductance. The remaining

two contact conductances, hrad and hgap, are still required to fully describe the contact

behavior. The impact of these two effects is easy to show by formulating equations to

describe heat transfer between two parallel plates separated by an evacuated space [96]

∆T =
2− α
α

2γ

γ + 1

λ

Pr

(Tint,U − Tint,L − 2∆T )

zgap
, (4.23)

where ∆T is the temperature difference between gas molecules adjacent to the wall

and the temperature of the molecules that make up the wall, α is the thermal accom-

modation coefficient to account for the different ways various gas molecules interact

with disparate surface materials at low pressures, γ = CP
CV

is the ratio of specific heats,

λ = 2.27× 10−5 T [K]
p[Pa]

is an approximation for the mean free path of air molecules (ki-

netic theory is used to obtain relationships to account for using another gas in the

system), Pr is the Prandtl number, and zgap is the gap separation distance. Rear-

ranging equation 4.23 and solving for the the temperature jump at the wall,

∆T =

2−α
α
· 2γ
γ+1
· λ
Pr

(Tint,U − Tint,L)

(L+ 2(2−α
α
· 2γ
γ+1
· λ
Pr

))
(4.24)

allows the conduction heat transfer through the low-density space to be defined as

q”
gap = κGas

T1− T2− 2∆T

zgap
, (4.25)

which can be directly related to the gap conductance as,

hgap =
q”
gap

∆T
=
κGas(T1 − T2 − 2∆T )

zgap ∆T
. (4.26)
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Finally, the radiation contribution across the gap can then be included by approxi-

mating the interface as two infinite parallel planes,

q”
rad =

σB(T 4
1 − T 4

2 )
1
ε1

+ 1
ε2
− 1

, (4.27)

where σB is the Stefan-Boltzmann constant, and εi are the emissivities of the two

surfaces. The radiative conductance is defined similarly to that for gap conductance,

hrad =
q”
rad

∆T
=

σB(T 4
1 − T 4

2 )

( 1
ε1

+ 1
ε2
− 1) ∆T

. (4.28)

Now that all of the necessary factors are defined, we combine (4.22), (4.26) and (4.28)

to define the total interfacial conductance:

htot = 1.25κ̄
m

σ

(
PLoad
HC

)0.95

+
κGas(T1 − T2 − 2∆T )

zgap ∆T
+

σB(T 4
1 − T 4

2 )

( 1
ε1

+ 1
ε2
− 1) ∆T

. (4.29)

This relation allows the thermal conductivity of a sample to be estimated without

direct characterization of the interface resistances; however, this can results in sizeable

errors if the interfacial properties used to define the model are not perfect. It is highly

recommended to perform additional experiments aimed specifically at characterizing

the impact of the interfaces, e.g., thickness dependent measurements. Running an

experiment with the same set points, and loading conditions, but changing the ma-

terial thickness allows a direct comparison of differences in the measured value that

ideally stem only from the difference in the thermal resistance of the sample. To

maximize the effectiveness of this comparativew measurement method, efforts should

be taken to minimize the sample variance between the difference thickness samples.

The samples should be fabricated at the same time and under the same conditions

to help limit any differences between the test results for the different samples to the

effects of the thickness only.

Now all the terms needed to define the figure of merit are now known from mea-

sured quantities. The next step in the design process is to consider the impact of

uncertainties in the measured experimental parameters upon the final answer.
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4.2 Uncertainty Quantification

There are many inputs (e.g., material properties and geometry) required to obtain

κ, σ, S, and ZT from the measured data. Their associated uncertainties, plus the

uncertainties in measured quantities like temperature and voltage, must be considered

when extracting properties from measured data. This section details how values are

obtained and how the uncertainties are determined and how uncertainty distributions

are assigned.

Geometry: All system geometry is measured with a coordinate measurement ma-

chine in the Purdue Mechanical Engineering Technology Metrology Lab. The rated

accuracy for the system at the time of use was 1.27 µm (0.00005 in.). The values

measured by the CMM are the result of many repeated measurements averaged to

determine the mean values for all dimensions of interest, for this reason it has a nor-

mal uncertainty distribution assigned to it. The sample thickness is measured using

a Mitutoyo Digital thickness Indicator (543-472B) mounted to a calibrated granite

reference surface (Mitutoyo 517-890). This is a grade A, 8 × 6 in. granite reference

surface, with a flatness accuracy of 2.54 µm (0.0001 in.). The rated accuracy for this

instrument is 2.54 µm (0.0001 in.). The sample diameter is measured with a Starrett

outside micrometer (230FL), with a rated accuracy of 2.54 µm (0.0001 in.). The inner

diameter of the radiation shields is measured with a Starrett dial caliper (3202), with

a rated accuracy of 25.4 µm (0.001 in.). With all precision geometric measurements

surface cleanliness is absolutely critical to perform accurate measurements. All parts

are triple solvent cleaned prior to performing these measurements to ensure that sur-

face debris does not bias the measurement. Likewise, all instruments are wiped down

gently with a lint free clean room wipe, moistened with 200 proof ethanol prior to

use.

Input Material Properties: Values and the distribution of uncertainty for

material properties to estimate corrections for system operation such as thermal con-

ductivities (not the Mo bar conductivities), emissivities, electrical resistivities, and
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Seebeck coefficients are taken from tabulated literature sources [48,53,54,56,59,78,79,

97–100]. The thermal properties that are critical to the accuracy of the system, such

as the thermal conductivity for the top and bottom bars, have been independently

measured for the specific material stock used to fabricate each bar by Thermophysical

Properties Research Laboratory (TPRL) in West Lafayette, IN. The results of this

testing are detailed in section 5.1.

Temperatures: Temperature measurement uncertainties are based upon cali-

brated accuracies for the type-S thermocouple sensors used with a Keithley 2700

and 7708 multiplexer card in voltage measurement mode [60,78]. Temperature mea-

surement is performed in voltage mode rather than direct temperature measurement

mode to improve reading accuracy [91]. A custom, dual sided, cold junction block

mounted inside of the chamber, as shown in Figure 4.2, is used rather than electronic

cold junction compensation for further error reduction in temperature readings [59].

One PtRTD (Honeywell HRTS-5760-B-U-0-12) is installed for each pair of thermo-

couple channels on the internal cold junction block. These highly accurate RTDs are

used to compensate for the temperature of the terminals where the small diameter

thermocouple wires are transitioned to more robust copper wiring for connection to

the main signal cable harnesses to the instrumentation rack.

Voltages: Voltage measurements for Seebeck and electrical conductivity are taken

using the Agilent 3458A as a dedicated instrument for electrical measurements across

the sample, so the uncertainties for these measurements are based upon the calibrated

accuracy of this instrument within the appropriate voltage measurement ranges [92].

4.3 Numerical Model for UQ

A MATLAB based uncertainty quantification tool (from UQ-Labs [101]) is used to

evaluate the impact of uncertainty in these inputs on the extracted material properties

for the sample. To do so during design, a multi-physics numerical model is created of

the Z-meter system including heat losses, contact effects, and measurement currents.
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This model generates simulated measurement data (voltages and temperatures) used

to calculate the material properties with the data extraction techniques described

above that can then be directly compared to the parameters input to the computa-

tional model (κ, σ, and S).

Briefly, a 2D axisymmetric model in COMSOL Multiphysics mimics the experi-

mental process and provides mock experimental data for the analysis of the accuracy

of the measurement technique. The simulation is fully coupled with electrical, ther-

mal, and thermoelectric physics. Temperature-dependent properties are used for the

meter bars. Point probes are added to the model to act as sensors to gather data

from the locations that will have sensors in the physical Z-Meter system. The vac-

uum chamber and heat shields are modeled as part of the system, allowing surface-to-

surface radiation to be considered for internal surfaces. Figure 4.3 shows the numerical

COMSOL data plotted for locations along the central axis of the bars, with the mea-

surement probe locations indicated. The sample is located in the center of the two

reference bars and is of sufficiently lower thermal conductivity that the majority of

the temperature drop in the system occurs across the sample itself. The measurement

points (red circles) correspond to the actual measurement locations in the physical

system, and these are the locations where the MATLAB script samples the temper-

ature distribution to obtain data as it would come from the experiment. The effects

of radiation losses are apparent in the non-linear profile as shown in Figure 4.3.

In this evaluation, the electrical properties of the sample in the COMSOL model

are fixed as constants for lead telluride (PbTe): SCOMSOL = 1.87 × 10−4 V
K

and

σelec,COMSOL = 6.0976× 104 S
m

, while the thermal conductivity is varied in the range

expected for modified materials: kCOMSOL = 0.1− 10.0 W
m·K . Please note that while

the properties for PbTe are used for this numerical study, the melting point of PbTe

is only 924℃, so it would not be possible to actually perform these experiments at the

temperatures shown. However, this is merely meant to serve as an investigative study

of the system performance and measurement uncertainty, where the PbTe is just a

stand-in material to use for rough property values. Further, it is important to note
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that this range of thermal conductivities far exceeds that which would be obtained

from nano-structuring of a real material like PbTe, but this serves to show the per-

formance and limits of the system across a wide range of thermal conductivities since

thermal conductivity directly impacts the temperature difference across the sample.

Table 4.1 shows the impact of the sample thermal conductivity on the total measure-

ment uncertainties. The uncertainty in the measurement of the Seebeck coefficient

is low, but does have a slight increasing trend as the sample thermal conductivity is

increased. This is primarily due to the fact that samples with higher thermal con-

ductivities will result in smaller temperature differences across the sample. A smaller

temperature difference across the sample means that the Seebeck voltage is lower and

more difficult to measure accurately.

4.4 Uncertainty Analysis: Methods & Results

The uncertainty analysis briefly mentioned in the previous section is coded in

MATLAB using the UQ-Lab uncertainty quantification package [101]. After defining

the model inputs of interest (geometry, temperatures, voltage measurements and

material properties) and assigning each input an appropriate probability distribution

for its uncertainty, a sampling scheme is selected to formulate a data set with which to

investigate the uncertainty of the parameters of interest. UQ-Lab provides the user

with a choice of four common sampling schemes: Monte Carlo, Latin Hypercube,

Sobol, or Halton. Evaluating the sampling methods within this model, the Monte

Carlo sampling is the fastest across all runs, but also had the largest sampling error

for a constant sample size of 100,000 samples. Sampling error here refers to biases

in the sampling routine that lead to errors in rebuilding the input distributions for

validation data sets. The Latin Hypercube method has the smallest sampling error,

but it would not run for the standard 100,000 comparison run that the other methods

were checked with. If the sample size gets too large for the Latin Hypercube method,

then the code crashes. This is not a problem once a smaller number of samples is
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input. The Sobol sampling scheme provides the next lowest sampling error and is

very stable for the range of input values evaluated.

Comparing the values predicted through this uncertainty propagation model to the

values that are input in the simulation shows the agreement between the “measured”

and actual values as compared in Figure 4.5. Compared to standard experimental

design with numerical models, the UQ-based approach gives us not only the value of

the extracted properties at the nominal input values, but also the uncertainty in the

measurements.
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Figure 4.2. View of the top of the custom cold junction compensa-
tion block inside the vacuum chamber. There is one platinum RTD
(HRTS-5760-B-U-0-12) installed for every two junctions to provide
accurate local readings for all junctions. There are another sixteen
terminal on the bottom of the block with another four PtRTDs bonded
for monitoring.
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Figure 4.3. Temperature profile within the reference bar - sample
- reference bar assembly computed with COMSOL (blue line) and
extracted for use in calculation of properties (red points).
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Figure 4.4. Numerical simulation results for the temperature dis-
tribution within a sectioned view of the Z-Meter system. Here the
three banks of concentric radiation shields are clearly visible around
the central meter bars. Above the upper meter bar, the button heater
assembly and ceramic loading shroud are included as components in
the model to more accurately estimate thermal losses for the system.
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4.5 UQ Summary

A detailed uncertainty propagation model based upon numerical multi-physics

simulations is presented to characterize the measurement error in the Z-Meter sys-

tem. Although the results of this study do not directly correspond to a physical ma-

terial, it provides valuable data for addressing measurement concerns during the final

phases of the instrument fabrication and construction. This model and uncertainty

analysis enables a better understanding of the real impact of design choices upon the

final measurement uncertainty of the instrument. Ultimately, detailed UQ should be

integrated early in the design process to minimize the uncertainty in measured pa-

rameters and utilized to provide guidance for system modifications and improvements

to be implemented.
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Figure 4.5. Extracted ZT with from the numerical model with uncer-
tainty propagation as a function of the ZT input into the COMSOL
model showing good agreement between the results of the uncertainty
propagation model and the input value of ZT in the simulations. The
different data points represent changing the thermal conductivity to
mimic the material being enhanced through reduction of the thermal
conductivity. The Seebeck coefficient and electrical resistivity are
held constant between tests to investigate the system’s performance
in measuring the thermal conductivity of the sample across a range
of input values.
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5. RESULTS

Several validation steps are required prior to measuring unknown materials with this

new measurement tool. First, we propose verifying the system works for each property

independently, then for thermoelectric materials. Initial validation steps presented

here focus on the reference bar thermal properties using the Z-meter tool and shed

light that the interfaces are crucial to characterize. Future work will include validation

with thermal reference materials across a range of thermal conductivities, then move

to electrical and Seebeck coefficient characterization.

5.1 Calibration of Reference Bar Material Properties

The molybdenum used as the reference bar materials is characterized by the Ther-

mophysical Properties Research Lab (TPRL) in West Lafayette, IN. This provides a

NIST traceable measurement of the thermal conductivity for the reference bar from

room temperature to 1200℃. This characterization is performed using the laser flash

method to determine the thermal diffusivity, α (ASTM E1461). The laser flash sys-

tem at TPRL consists of a Korad K2 laser, in a high vacuum chamber with optical

viewports for sample access, a tantalum tube heater surround a sample holding fix-

ture in which the sample under test is mounted, and an infrared (IR) detector for

monitoring the temperature response at the back surface of the sample [102]. Then

the specific heat, CP is measured across the full temperature range as well using a

Netzsch model 404 differential scanning calorimeter (ASTM 1269), taking care to use

precisely the same measurement points. A NIST traceable sapphire measurement

standard is utilized for the known standard to evaluate the measurement against. A

general overview of both the laser flash technique and the DSC measurement tech-

nique is provided in Section 2.1.3. The bulk density, ρ, of the material was calculated



125

from the sample’s geometry and mass. The thermal conductivity can be calculated

from these values as

κ(T ) = α(T ) · CP (T ) · ρ. (5.1)

Please note that in this analysis, the thermal expansion of the molybdenum sample

is neglected because the coefficient of thermal expansion for the material is small

meaning the dimensions of the sample will not change significantly with temperature.
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5.2 Determination of Interfacial Contact Resistance

In order to start characterizing the system, we tested the thermal contact resis-

tance of the interfaces by contacting the bars directly and performing a measurement.

The results directly show the impact of contact resistance since there is only the single

interface and not a sample. Figure 5.1 shows the raw data collected during a Z-Meter

test. These are the temperatures for each thermocouple in the meter bars and are

used to directly determine the heat flow in the sample. Each heater power level is

run until the reference bar thermocouples reach steady state, which here is defined

as reaching a variance of less than 0.05℃ over a period of 10 minutes. This running

variance is monitored and recorded by the software and notifies the user when steady

state is reached. At this time, the user must still manually input the heater power in-

crease, which is why some steady state periods are held for longer than others. There

is a portion of the data that decreases from roughly 10,000 to 13,000 seconds, this is

due to an internal safety interlock that was tripped because the heater was outputting

the maximum power and the temperature was not increasing quickly enough. Once

the interlock is tripped, it shuts off power to the heater to protect the system from

run-away heating. This parameter can be adjusted or completely disabled, but it is

advised for safe operation of the system in the event that the control thermocouple

becomes damaged. In this case, it indicates that the thermal resistance of the contact

interface is not sufficient to achieve higher temperatures in the system with the avail-

able heater power. This interlock was disabled and reset just before 13,000 seconds,

where the temperature is seen to climb back to approximately the value before the

interlock trip. Evaluation of the raw temperature data permits the heat flow in each

bar to be determined. This heat flow, with the known temperature difference across

the interface between the bars yields a measured range of interface resistance values

shown in Figure 5.2. It is important to note that these values are dependent upon the

surface roughness and micro-hardness of both the bars, the interfacial loading, the

measurement temperature, and the vacuum pressure. These results cannot be directly
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Figure 5.1. The raw temperature data for the thermocouples in both
the top and bottom reference bars during a bar-to-bar direct contact
test to measure the effects of contact resistance. Each heater power is
run until the bar thermocouples reach steady state (variance <0.05℃
over 10 minutes), but the user still must manually change the heater
set point which is why some steady regions are longer than others.

applied to other cases of loading, but the model shows reasonable agreement without

fitting parameters. The accuracy of this model will continue to be enhanced by fur-

ther measurements of surface properties for the bars and future samples: complete

surface roughness maps (peak asperity and slope) using a high accuracy profilometer,

mapping the temperature dependence of emissivity and absorptivity for the bar sur-

faces, and depth dependent micro-hardness. At this time, the surface roughness of
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Figure 5.2. Plot showing the thermal contact resistance measured
for the bar-to-bar contact case compared to the predicted contact
resistance using the contact model developed in chapter 4.

the bars is estimated based upon the polish grit and the uniformity of the reflecting

surface, while all other values are based upon data from literature. Further develop-

ment and benchmark testing of the system for property measurement performance

are still required once suitable thermoelectric materials can be obtained.
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6. Z-METER SUMMARY

6.1 Development of a high temperature Z-Meter user system for BNC

The Z-Meter was designed and built as a user tool for the Birck Nanotechnol-

ogy Center (BNC), to fill a gap in characterization capabilities for high-temperature

thermoelectric materials. The Z-Meter permits simultaneous measurement of the

constitutive properties of the figure of merit, ZT = S2σ
κ
T , between 0 - 1000℃, with

large temperature differences (∆T ∼ 500℃).

The completion of this system provides simultaneous property characterization

for thermoelectric materials at high-temperatures, under large temperature gradients,

and controlled atmospheres. Thermoelectric samples with thicknesses ranging from

thin wafers (∼ 100s µm) to large bulk samples (∼ 10 cm) are easily accommodated,

without any necessary sensor mounting in the samples. The instrument is capable of

in situ monitoring of interfacial loading > 10.5 MPa (1522 psi), which is fully user

adjustable without breaking vacuum. This allows users to easily adapt the interfacial

loading to keep it constant when changing temperatures (accounting for effects of

thermal expansion in the system) or to investigate the effects of contact resistance by

sweeping through a range of contact pressures. The system provides the freedom of

specifying the testing environment, which permits the study of atmospheric effects on

material performance: inert gases, high vacuum, or air (see note on use in air, Section

6.2). A detailed uncertainty quantification prediction model is presented to drive the

design decisions through out the Z-Meter build and provide a strong platform for

accurate data analysis of measured samples.
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6.2 Recommendations for Future Development of the Z-Meter System

Probes

It will be necessary to enlarge the thermocouple probe mounting holes in meter bars.

The current holes, �0.035 in., are designed to accommodate a 1/32 in. dual bore

alumina sheath to protect the thermocouples inside the bar; however, the available

dual bore alumina sheathing is slightly oversized, �0.035 in., from the nominal ad-

vertised diameter, �0.03125 in., most likely due to expansion of the sheaths during

firing. Other suppliers have been contacted, and it seems that most available dual

bore ceramic sheaths have a tolerance of ± 5% or ± 0.015 in., whichever is greater.

Currently the 1/32 in. sheaths are manually fit to each bar location by reducing the

sheath diameter to ∼ 0.033 in., providing a close fit, but still allowing the probe to be

inserted. This complicated fitting process (see Appendix A) results in probes which

are very fragile and often break during installation.

As a starting point, the existing bar holes of �0.035 in. should be reamed to ∼

�0.037 in. to allow the full diameter sheaths to be used in the probe fabrication

process. Adapting the bar to accept full diameter probe sheaths has numerous ad-

vantages for the system, including: much faster probe fabrication, increased probe

strength by using the full diameter sheath (∼ 6% more diameter than currently in-

stalled probes), improved repeatability, and higher yields for manufactured probes as

many probes are broken during the fitting process. In addition to the benefits for

the probe fabrication, the interface between the probes and the meter bar will be

improved as well. At this time, the holes are in an as-drilled state with an estimated

average roughness of 1 - 6 µ m, after reaming the estimated average roughness will be

reduced to 0.5 - 2 µ m. This will help to improve the thermal and electrical contact

between the probes and the bars.

While reaming the existing hole diameters will provide a vast improvement in

system usability, it does not address a key issue with the current operation. The

existing leads for the type-S thermocouples have a diameter of 0.003 in., which is
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good for reducing thermal losses from the bar, but results in extremely fragile probe

leads due to the properties of platinum. The biggest problem is encountered with the

pure platinum negative lead as it often fails due to work-hardening during handling

or after installation during use. At this time, all of the thermocouples installed in

the system have been changed to 40 AWG (�0.003 in.) type-K special limits of

error (SLE) thermocouples which are installed in the �1/32 in. sheaths. The type-

S thermocouples were removed due to the high failure rate and lack of stability in

the leads due to unavoidable damage inherent to their installation. While the wire

diameter for the type-K is the same as that for the type-S, the mechanical properties

of the type-K alloys are much more resilient to assembly and installation than those

of the platinum used in type-S thermocouples. Type-K SLE thermocouples are an

appropriate option for use in the Z-Meter as they allow the probe size to be kept

small, thus minimizing point losses at each probe location. This comes at the cost

of reduced absolute accuracy, higher drift rates with high-temperature usage, and

propensity for ’green rot’ in the positive leg (chromel) of the thermocouple. ‘Green

rot’ refers to the preferential volatilisation of chromium in the at low pressures and

high temperatures. As the oxidation consumes the chromium in the positive leg,

it becomes magnetic which causes a negative voltage drift in the sensor (∼ 30%).

Eventually the positive lead will fail mechanically due to the compromised material

structure. Even without ’green rot,’ drift rates in type-K thermocouples are much

higher than those for the noble-metal thermocouples as detailed in Section 3.4.2. Type

N thermocouples are formulated to overcome the issues faced by type-K sensors. The

use of type-N thermocouples can substantially delay the onset of significant drift in

the system. Type-K thermocouples have shown drifts of approximately 175 µV after

200 hours at 1200℃, while type-N thermocouples in the same test experienced only

20 µV of drift after 200 hours at 1200℃ in the same test, please note these values are

for a test performed between 8 AWG type-K and N thermocouples and should not be

taken as drift values for small diameter wires [60]. Despite the improvements of type-

N thermocouples, all of the standard thermocouples will experience significant drift
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at high temperatures with the problem being exacerbated by operation in vacuum,

temperature cycling of the system, and the small wire diameters. The smaller the

wire diameter, the more prone the leads are to contamination, drift, and failure. All

of these factors reveal that if small diameter thermocouples are continued to be used

in this system, then it is crucial that a proactive sensor replacement schedule be in

place and it be strictly adhered to in order to preserve the accuracy of the Z-Meter

measurements.

While all standard thermocouple types experience drift in vacuum at high tem-

peratures, the performance of platinum based thermocouples is far better than that

of the base metal types. The problem with platinum thermocouples of very small wire

diameter is that they are too fragile and cannot be practically handled, installed, or

used reliably. Increasing the wire diameter to the maximum size (�0.005 in.) that

will fit the current probe size will help slightly, but this will still be very difficult to

assemble and install. Bentley recommends a 24 AWG (�0.020 in. or 0.5 mm) for the

best balance in stability, cost, and ease of handling [59], but this size thermocouple

will create much larger thermal parasitics in the bar. While stability/probe robust-

ness and minimizing thermal losses are at odds, a compromise can be reached. It is

vital that the probes function as they are supposed to within the system and that

they can be effectively installed as needed; without this, the system is not going to

function properly to conduct the desired measurements. I propose removing the bars

from the system and drilling new holes on the face 180° from the existing holes to

accommodate larger probes. The new probe locations should be shifted away from

the bar interfaces by a sufficient amount to avoid bit deviation during drilling of the

closest hole to the interface and maintain the 2 cm spacing between the next two

holes. The current supply probe locations can be adjusted for the bit size to avoid

contacting the angled portion of the top bar or the copper mounting base of the lower

bar, but do not need to maintain a strict relative spacing to the other holes. The

probe positions must be adjusted for several reasons: 1.) if not adjusted, they will

match up with the original probe holes on the other side and create a stepped (dual
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diameter) through hole, 2.) drilling a larger hole at the same set back spacing from

the interface as the small probe may not provide sufficient material to fully encom-

pass the new hole, 3.) drilling a hole very close to the edge of a part often results

in deflection of the drill bit towards the interface due to the thermal loading during

the drilling process. I recommend increasing the probe size to �1/16 in. as this will

greatly strengthen the probe sheath itself, but also permit the use of thermocouple

leads as large as 27 AWG (�0.015 in.). While a larger lead will increase the losses

from the measurement locations along the bar, it is necessary to achieve proper sys-

tem operation. Further testing should be conducted for both probe fabrication and

installation to determine the optimum size for thermocouple leads not based solely

upon heat transfer and losses, but rather balancing thermal losses with ease of han-

dling, contamination resistance, and durability of the assembled probe. As the wire

diameter is increased, the probe conductance losses may no longer be negligible in the

measurement. I propose incorporating a combined immersion and lead wire model at

the mounting location of each probe to account for the added thermal losses [61,64].

The use of these models helps to account for the losses at each probe as the probe

size increases and allows appropriate corrections to be applied to the data based on

physical models of what is happening in the system rather than simply adding a

fitting parameter to a numerical code.

Due to the uncertainty in the probe size, we suggest purchasing several packages

of �1/16 in. probes at the same time, and waiting to drill the mounting holes until the

sheaths arrive. If all the sheaths are coming from the same lot, the variance in the

diameters should be much smaller than the listed ± 5% or ± 0.015 in. (whichever is

greater). The new bar holes should be drilled approximately 0.002 in. larger than the

nominal diameter for the sheath lot. It takes approximately 16 - 20 in. of total sheath

length to fully instrument the thermocouples, voltage probes, and current connections

to the bar. I would recommend ordering five times this length to provide a sufficient

back stock of sheath material for future probes in the system. If additional sheaths

are required in the future, the best practice will be to contact the company prior
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to placing an order and communicate that sheaths in the size range [�MountingHole -

0.004 in. to �MountingHole - 0.002 in.] are required. They should be able to tell you if

their current stock will fall within this range prior to placing the order.

Operation in Air at High Temperatures

Upper temperature limitations are enacted for use in air to avoid oxidation of system

components. The system is designed to avoid problems with oxidation, even when

operating at high temperatures in air, but insufficient system operation data is avail-

able at this time to permit full scale heating in air. The biggest limiting factor for

temperature operation in air will be the convective losses and heating of the load cells

above the bars as the hot air rises. Additionally, prior to any testing above 100℃

in an air environment, the copper mount for the lower bar must be plated to avoid

rapid oxidation of this surface. In addition to the complications added by oxidation

concerns, operation in a non-vacuum air environment can introduce significant con-

vection losses along the bar and will require extensive modeling to accurately correct

the data for this effect.

Heater

The current system design will work to achieve temperatures as high as 1000℃ for

the sample hot-side, but it will only be able to accomplish this for specific samples

with sufficiently low thermal conductivity due to the available heater power. The

current heater was purchased when the initial idea of a high-temperature Z-Meter at

Purdue was started by a previous group, but not pursued further. This heater has a

maximum rated power output of 190 W, as shown in Table 3.5, which is not a lot of

power for such a large system. I have made it work for the purposes of proving the

operational concept of the system, but ideally a much more powerful heater, on the

order of 1 kW should be installed in the Z-Meter to allow a more complete range of

thermal conductivities and temperature differences across the sample to be tested. I

have spoken with Heat Wave Labs, the manufacturer of the original heater, and there
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are drop in replacements that would work with the existing system and shielding, but

would replace the button heater with a cartridge heater providing 500 - 1,000 W of

heating power. In addition to this, we highly recommend that a future heater not

have the return power lead internally brazed, but rather have two power leads and

leave the surface of the heater isolated to remove the need for the aluminun nitride

(AlN) isolation disk between the heater and upper meter bar.

Another potential issue to be addressed with the heater are the preload springs

behind the heater shield assembly inside of the ceramic loading shroud that help to

keep the heater face in good thermal contact with the AlN isolation disk and the

upper bar. These are just typical 316SS compression springs and are not specifically

designed for high temperature operation. A typical maximum operating temperatures

for a spring of this type is approximately 275℃. Based on some conversations during

the early design phase of this project with the manufacturer of the heater (Heat Wave

Labs), the expected back side of the heater shield is ∼ 200 - 300 ℃ for a heater face

temperature of 1200℃. This put us very close to the operating range of the regular

springs, so we elected to test the system before going to a more extreme solution.

Note that implementation of the estimated heater internal geometry and shielding

within my multi-physics models showed that the back of the heater shield predicted

temperatures much higher than 300℃, but we chose to move forward with the con-

struction of the system based on the manufacturer’s recommendations - performing

validation tests for ourselves to compare the maximum expected temperature range

provided by the manufacturer with that from my models. After initial tests while

monitoring the back of the heater shield temperature, we observed temperatures con-

sistent with the multi-physics models which greatly exceeded the 300℃ mark for the

back of the heater shield. Operation for long at these temperatures will result in

spring relaxation and permanent deformation, thus rendering the springs useless for

keeping the heater in good thermal contact with the bar. Therefore, we propose two

solution paths, which we plan to implement at the earliest possible opportunity.
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The first solution option is to either source or fabricate high-temperature com-

pression springs. Diamond wire spring company offers Inconel 718 springs which are

rated for a maximum operation temperature of 593℃, which might be sufficient as

the highest temperature we have currently observed for the back of the heater shield

is 608℃. However this still puts these springs over their maximum operation temper-

ature. Inconel spring are also advertised by Yost Superior as being operational up

to 871℃. But both of these companies typically manufacture large runs of parts and

may not be able to produce only four springs for us. An alternative to buying custom

springs is to make my own high temperature springs. The details of the proposed

process are included in Appendix B. The second solution option is to forgo the use of

springs all together and instead install rigid ceramic stand-offs that are precisely sized

to keep the heater face in firm contact with the AlN and the upper bar surface. If

this is pursued, two small radial holes should be drilled in the ceramic loading shroud

to allow an allen wrench to be used to tighten and loosen the mounting set screws

for the button heater and make fine adjustments to perfect the fit.

Additional Heater Interlocks

During testing, we have noticed that the temperatures of the load cell platforms

above the bar increase with increasing heater set point as expected, but feel that we

must raise this concern here for future researchers. These load cells are temperature

compensated up to 71℃ (160°F), and can be further operated to 93℃ (200°F) by

applying a temperature shift span and zero. However, the load cells can be quickly

damaged if they are allowed to reach temperatures above 93℃. It is critical that the

researcher keep an eye on the temperature of the lower mount for the load cells to en-

sure that the temperature does not get too hot and damage the load cells (TLoadCell >

93℃) or bias the data if 71℃ ≤ TLoadCell ≤ 93℃ and the proper corrections are not

applied. A software heater interlock should be applied to shut off the heater out-

put if the temperature of the load cells reaches 90℃. A similar hard cut-off point of

150℃ should be defined for the temperature of the cold plate to avoid exceeding the
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rated fluid temperature or chiller operation range. Currently these temperatures are

monitored by the user and they must manually respond and physically turn off the

heater. This is not a good idea for long-term multi-user utilization of the system.

Currently the mechanical heater interlock is wired to the insulation temperature for

the current supply lead for the heater. Since a PTFE insulated wire is used, this

insulation cannot get above 200℃, but significant rises have not be observed as of yet

at that location. It might be a better idea to change the mechanical safety limit for

the heater to monitor the temperature of the load cell lower platform to help protect

these sensors.

Chiller Limited System

The maximum operating point for the chiller is 150℃, thus limiting the temperature

of the cold plate inside the chamber to this same value. This fixed maximum temper-

ature of the cold plate in contact with the copper lower bar mount makes it difficult

to achieve elevated lower bar temperatures and requires that any high temperature

measurements be carried out under very large temperature gradients. I have designed

a thermal stand-off platform to be installed between the copper lower bar mount and

the cold plate, which will serve as a means of elevating the lower bar temperature

while still complying with the required upper temperature limits for the cold plate. If

a new chiller is being considered which will permit the fluid temperature to be raised

significantly, recall that the liquid feedthroughs into the vacuum chamber are all metal

and will heat up quickly. This will also expose the vacuum seals to these same high

temperatures, which they are not designed to handle. This can be addressed through

the installation of all metal ring seals, which will still provide vacuum level seals via

an all-metal o-ring replacement for a KF vacuum flange.

Non-Contact Temperature Mapping

A final system improvement could be the incorporation of an infrared (IR) camera

to image the bar interfaces and the sample. This will allow the user to determine
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the thermal gradient along the sample directly and account for contact resistances by

imaging a short distance of the meter bar as well to map the temperature drop across

the bar-sample interface. In addition to the IR camera, and a suitable magnification

lens with an appropriate field of view, the system would need to have the current

6 in. CF flanged zero length quartz (fused silica) viewport replaced with an IR

transparent window. The IR transparent window is required to allow the appropriate

wavelengths to transmit through the material without substantial losses. Materials

such as sapphire, calcium fluoride (CaF2), magnesium fluoride (MgF2) or zinc selenide

(ZnSe) are commonly used for IR transparent viewports in vacuum systems. These

IR transparent viewports are less common in the 6 in. size CF flange, so a zero length

flange plate adaptor may be required to reduce the 6 in. CF flange to a more readily

available 4.5 in. CF flange zero length viewport.



PART II: PHASE CHANGE MATERIAL IN SITU CHARACTERIZATION
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7. APPLICATIONS, MATERIALS, AND MEASUREMENTS

Phase change materials (PCMs) are used for numerous applications of thermal en-

ergy storage: keeping beverages cold in a cooler full of ice on a hot day, capturing

solar energy for storage and later use to heat water [103–106], as a means of con-

trolling the climate within our buildings and homes via integration into building

materials [107–111], and incorporation into furniture within those homes [112]. Be-

yond housing and homewares, PCMs are utilized even further to help maintain proper

operating conditions in situations where power requirement are critical, precluding

typical thermal management strategies. Passive thermal management using PCMs

has been long utilized in the design and construction of aerospace vehicles and space-

craft as a means of storing thermal energy for later use, damping of high power events

to preserve local temperature profiles, or as a means of providing short-term tactical

thermal management in a volume and mass efficient package [113–116]. The investi-

gation of PCM design and application in spacecraft is particularly insightful, because

in these systems, heat from high-power-dissipating electronic must be removed, there

is no free convection, and volume/weight are highly controlled [115]. Wax based PCM

thermal control systems were used successfully on the Lunar Roving Vehicles (LRVs)

for the Apollo 15, 16, and 17 missions to the moon, shown in Figure 7.1(a). Three

main systems of the LRV utilized passive thermal management using PCMs: the

Signal Processing Unit (SPU) and batteries, the Drive Control Electronics (DCE),

and the Lunar Communications Relay Unit (LCRU) [118]. Passive thermal manage-

ment with PCMs was targeted due to the periodic nature of the usage demand on

this mission. The primary thermal loads were only present during operation by the

astronauts, then after these “sorties” the heat could be rejected from the LRV via

radiator panels allowing the PCM to solidify and prepare for the next cycle [117].
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(a) LRV during Apollo 17 mission (b) LRV forward chassis electronics [117]

Figure 7.1. Lunar Rover Vehicle (LRV) during the Apollo 17 moon
mission. Passive thermal management using PCMs was used in three
key systems: 1.) the Signal Processing Unit (SPU) and batteries, 2.)
the Drive Control Electronics (DCE), and 3.) the Lunar Communi-
cations Relay Unit (LCRU) [118, 119]. Images obtained from NASA
and their use is permitted under the general permissions of NASA
media guidelines.

7.1 Passive Thermal Management

Parallels can be drawn between design for spacecraft and similar design constraints

faced in thermal management in portable electronics. Both applications have high-

power densities requiring spreading and dissipation elsewhere, natural convection can-

not be used directly to cool the device, and significant size and weight constraints.

Please note, portable electronics utilize natural convective cooling on the outside of

the device for heat rejection, but it is not appreciable inside the device. With device

power densities growing ever higher, static thermal management designs which target

and design for worst case operating conditions are no longer favorable due to the high

temperatures swings during cycling, which can lead to component failure.

PCMs are attractive for passive thermal management because they are compact,

versatile, and dampen peak system thermal loads through the latent heat of phase

change. Implementation of PCMs can reduce system weight and thermal load re-

quirements since the peak temperatures are smoothed by the phase change process.
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This permits the system to be designed for an average load rather than peak/worst-

case loading. Since most portable electronics do not have sustained high loads, but

rather short surges of high usage, PCMs are well suited for use to extend the time of

peak operating power while keeping temperatures below critical levels. After the peak

system load subsides, the PCM has time to dissipate this energy without impacting

the perceived performance of the device. Implementation of PCMs within portable

electronics helps to increase component reliability because temperature swings are

smoothed and components no longer see the very high temperatures from the short

heat surges, such as those due to computational sprinting.

7.2 Performance of Phase Change Materials

7.2.1 PCM Selection

Numerous PCMs exist with a wide range of thermophysical properties. Here,

PCMs are selected to provide insight into the factors that govern PCM performance

in thermal management applications. The primary properties to consider in the

selection of PCMs include: melting temperature (TM), thermal conductivity (κ),

latent heat (L), heat capacity (Cp), and mass density (ρ). The PCM options are

first narrowed by targeting a specific range of operating temperatures. This work

focuses on an operating temperature range from 30 - 95℃, and a melting point is

selected to fall within this envelope. A primary focus of melting around 70℃ is

selected to allow adequate time for melting while maintaining a sufficiently high phase

transition point. This allows regeneration to occur quickly, making the latent heat

available for repeated cycle loading. Additionally, a lower melting point material,

TM ∼ 40℃, is included in the study to highlight the impact this parameter has

on system performance. Commercially available PCMs are considered with melting

points that are approximately the values targeted. Final selection is based upon a

relative ranking of the different materials using the cooling figure of merit proposed

by Shamberger and colleagues [120,121].
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Cooling Capacity Figure of Merit

It is vital to have a metric of material performance, independent of system archi-

tecture, as means of rapid comparison between different materials. The main points of

interest when investigating PCMs for passive thermal management are: melting tem-

perature (TM), latent heat of fusion, (L), and cooling capacity, (q). In this instance,

cooling capacity refers to the instantaneous rate of heat transfer into the component.

Both melting temperature and latent heat are intrinsic material properties and can

easily be tabulated for comparison; however, cooling capacity is typically very depen-

dent on the shape of the physical system and the boundary conditions. Typically,

engineers have utilized the thermal conductivity as the third metric for comparison

and ranking of approximate cooling capacity for a PCM; however, this neglects the

contributions of the other properties contributing to thermal performance such as

latent heat of fusion, material density, or the heat capacity of the material. Sham-

berger [120,121] recently proposed a new cooling capacity figure of merit,

FoMq ∼ κlLv, (7.1)

where κl is the thermal conductivity of the liquid phase and Lv is the volumetric latent

heat. This relative comparison between performance potential for different PCMs is

valid when considering a narrow band of temperatures, approximately ± 10℃, on

either side of the material melting temperature. Since, in many applications, PCMs

are approximately isothermal during melting and utilization of their latent heat, this

is a good comparison point between materials.

The relative rankings, plus consideration of availability in small sample sizes,

are used to select three PCMs for analysis: (1) a high FoMq salt hydrate material

with a melting point of 70℃, PlusICE S70, (2) a lower FoMq organic PCM with a

melting temperature close to that of the salt hydrate at 68℃, PureTemp 68, and (3)

another organic PCM in the same product family with a melting temperature of 42℃,

PureTemp 42, to compare the impact of melting point.
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7.2.2 Enhancing PCM Thermal Conductivity

Despite their usefulness, PCMs have some implementation roadblocks to overcome

to enable their wide use as a primary thermal management solution for electronics,

which mainly center around poor thermal properties. Much of the body of PCM re-

search for thermal management addresses the issue of low thermal properties, specifi-

cally enhancement of PCM thermal conductivity. A popular approach to enhance the

thermal conductivity of PCMs is to integrate the PCM into high conductivity struc-

tures. Chintakrinda et al. [122] compared the effectiveness of three different thermal

conductivity enhancers (aluminum foam, graphite foam, and graphite nanofibers) in-

filtrated with a paraffin wax, for heat fluxes from 1.9 - 11.6 W/cm2. They found

that the addition of 11 wt% graphite nanofibers to the paraffin wax provided the

most effective temperature control of their base heating platform at low power levels

(∼ 2 W/cm2), but as the heat flux was increased, the effectiveness of this approach

decreased. At higher heat fluxes (5 - 11 W/cm2), they showed the use of high conduc-

tivity foams vastly improved the performance of the heat sink in reducing the tem-

perature of the heated base; however, they did not observe any noticeable impact by

the addition of the PCM to the heat sink. This showed that while the foam provided

a high-conductivity pathway through the PCM, the interface between the foam and

PCM was not sufficient for adequate heat transfer to the PCM, and thus did not pro-

vide effective utilization of the latent heat in the PCM. Similar to the heat spreading

benefits of high-conductivity foams, metallic fins provide high conductivity pathways

through the low conductivity PCM with the added benefit of precise structure control

and increased interfacial areas [123]. Bentilla et al. [124] compared the performance

of high conductivity filling structures (e.g., foams, wools, and honeycombs) finding

honeycomb structures to be the most effective due to the the continuous, regular,

high conductivity structure, combined with large interfacial areas and small PCM

thicknesses. This conclusion was echoed by Mahmoud et al. [125], given the good

performance, light weight, and ease of implementation of a honeycomb core.
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At the onset of heating, the PCMs absorb heat via sensible heating increasing

in temperature until they reach their melting point. Then, the latent heat of phase

change allows a significant amount of heat to be absorbed into the PCM with minimal

temperature increase until the PCM is fully exhausted. This is desirable for electronics

as it smooths or dampens potential temperature spikes during high-heat flux events by

keeping the temperature close to the melting temperature. However, these materials

typically suffer from low thermal conductivities making them difficult to implement in

actual devices due to the concern of overheating after the latent heat storage capacity

is exhausted. One approach to address this utilizes a heat sink or heat spreader design

in which the PCM is integrated, thus effectively distributing heat throughout the low

conductivity PCM.

Much research into PCM implementation for passive thermal management has

involved finned heat sinks. Some studies concentrate on fin density, finding that in-

creasing the number of pin fins is an effective way to enhance heat transfer to PCMs

in high-power systems [126–128], while others target the fin shape to optimize the

best interfacial shape to maximize heat transfer from the heat sink structure to the

PCM [129]. Gurrum et al. [130] incorporated metallic PCM into microchannels (see

Figure 7.2(b)) and studied the impact of periodic power cycling, determining that

the correlation between channel size and system performance was heavily dependent

upon the thermal conductivity of the PCM. Krishnan et al. [131] confirmed the con-

clusion reached by Bentilla et al. [124] that long thin cavities for PCM provide better

effectiveness for system cooling. This is because there is a smaller depth of PCM

through which the heat must conduct to fully access and utilize the complete vol-

ume of material for phase change. Extensive reviews of additional materials and

techniques pursued for thermal conductivity enhancement of PCMs are available in

literature [10,123].



147

(a) Metal foam [132] (b) Microchannels [130]

(c) Fins [133] (d) Honeycomb structure [134]

Figure 7.2. High conductivity filler structures and integrated ar-
chitectures boost the effective thermal conductivity of the PCM in
the system. Panel 7.2(a) reprinted from Proceedings of 2000 ASME
IMECE: Undergraduate Research and Design in Heat Transfer, C.A.
Bauer and R.A. Wirtz, Thermal Characterization of a Compact Pas-
sive Thermal Energy Storage Device, 2000, with permission from
ASME. Panel 7.2(b) reprinted from Numerical Heat Transfer, Part
A: Applications, Vol. 42/8, S.P. Gurrum, Y.K. Joshi, and J. Kim,
Thermal Management of High Temperature Pulsed Electronics using
Metallic Phase Change Materials, 2002, Taylor & Francis, with per-
mission of the publisher. Panel 7.2(c) reproduced with permission of
KULR Technologies. Panel 7.2(d) reprinted from Energy and Build-
ings, Vol. 43/1, C. Hasse, M. Grenet, A. Bontemps, R. Dendievel and
H. Salle, Realization, test and modelling of honeycomb wallboards
containing a Phase Change Material, 232-238, 2011, with permission
from Elsevier.
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7.2.3 Characterization of PCM Performance

Advancement of PCM technology for practical integration in portable electron-

ics for thermal management requires careful property testing and characterization of

PCMs under dynamic thermal operating conditions. Much work has focused on nu-

merical modeling of PCMs [123,135] and designs for thermal management [129,136],

but studies focused on testing of integrated devices under realistic operating condi-

tions have fallen short. On the other hand, property testing is typically conducted ex

situ and a wealth of data exists for various PCMs that can be combined with models

to predict performance. Differential scanning calorimetry (DSC) can be used to de-

termine the melting temperature and latent heat of fusion for new PCMs. Dynamic

response DSC can measure thermal conductivity with errors of approximately ± 10%

for materials in the range of 0.5 - 2.0 W/m·K, provided the assumptions laid out by Mer-

zlyakov and Schick [137] are valid for the particular measurement. Alternatively, some

researchers utilize hot disk thermal analyzers [138,139], hot wire methods [140–146],

or the reference bar method [147,148] for measurement of thermal conductivity of the

PCM alone.

While testing of discrete PCM samples to determine the intrinsic material prop-

erties is valuable in developing high performance materials, it does not capture the

actual performance of the enhanced heat exchanger package. This must be done

using carefully controlled test platforms. For example, Hodes et al. [149] utilized a

Kapton® heater to emulate the chip in a portable handset and measured the time

it took for the PCM temperature to reach specific levels. This highlighted the insu-

lating effect of PCMs after the latent heat has been fully exhausted, which leads to

rapid temperature rises. Luo et al. [150] installed a heater inside of a mobile phone

to mimic realistic operation conditions. Temperature measurements throughout the

various components of the phone showed conduction was the dominant mode of heat

transfer within the phone architecture. Tan et al. [151] experimentally investigated

the impact of including fins within the PCM. Their test setup consisted of four heater
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modules mounted on top of a plate with a PCM cavity under each heater to approx-

imate conditions within a personal digital assistant (PDA).

Note that the heaters used in these experiments are typically large, requiring the

heat flux be applied over a majority, if not all, of the PCM package, and the data

acquisition relies upon auxiliary temperature sensors external to the chip die, which

do not provide an in situ view of the package performance. Thus, my system aims to

address these issues by utilizing the same form factor for the heater as found in actual

systems, but with user controlled heating and integrated temperature sensors to better

represent actual chip measurements and provide streamlined testing procedures.

These past studies are important to build an understanding of specific processes in-

volved with implementation of composite PCM thermal management packages; how-

ever, it is very difficult to compare data between experiments. The heaters used are

typically large applying the heat flux over a majority, if not all, of the PCM package,

and data acquisition relies upon external or auxiliary temperature sensors. There

is a need for rigorous testing of phase change material based heat sinks in realistic

application configurations.

In this portion of my dissertation, I develop and characterize composite PCM

heat sinks to improve the performance of these heat sinks for use in passive thermal

management of portable electronics. In Chapter 8, I detail the design of the en-

hanced composite PCM heat sinks and discuss the key parameters to consider when

designing a composite PCM heat sink. Then, in Chapter 9 to better investigate the

performance of PCM packages, I develop a general test method allowing performance

to be compared directly across different types of PCMs and packages for user specified

(spatial and temporal) power profiles, quantifiable heating, realistic test conditions,

controllable interfacial loading, and in situ temperature measurements inside the chip

to represent the measurement location of sensors in an actual chip die. Chapter 10

presents the performance results from the testing of the enhanced PCM heat sinks

using the the improved TTV test bed.
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8. PERFORMANCE EVALUATION FOR PCM THERMAL MANAGEMENT

This chapter describes the design of small-scale PCM heat sinks for integration into

portable electronic devices and the design of a thermal test vehicle (TTV) for char-

acterization of PCM heat sinks.

8.1 Package Design and Development

Building off previous work to optimize heat exchanger fins for composite PCM

packaging, we design a range of packaging options to be evaluated by the new test rig

to highlight differences in performance. Previous studies indicated that honeycomb

structures provided good thermal conductivity enhancement for PCMs [124–128].

Leveraging this, we establish some design guidelines to help address inefficiencies in

previous designs. Integrating metallic structures (e.g., foam, wool or honeycomb) into

a PCM typically results in poor thermal contact with the outer package leading to

large thermal resistances. On the other hand, monolithic integration of the package

and the thermal conductivity enhancement structure eliminates the contact problems.

Further, the package is most responsive to sudden changes in heat input when the

cavities of PCM are narrow with lots of surface area interfacing with the high con-

ductivity structure. These high aspect ratio PCM pockets maximize the surface area

to volume ratio between the PCM and thermal conductivity enhancement structure.

Here, we propose a novel, highly configurable package design for use as a com-

posite PCM-heat exchanger. This design leverages a standard external package size

which can be established early in the system level design for the portable electronic

device. This would guarantee favorable positioning of the thermal management sys-

tem, while allowing continued development of the internal structure of the package

to adapt to other changes in the design cycle for the device. The designer can op-
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(a) 25 mm package (b) 50 mm package

Figure 8.1. The proposed tunable architecture PCM package de-
sign concepts demonstrate how a standard external package size can
be specifically tuned for different families of chips without impacting
the mechanical infrastructure around it. Local confinement of small
PCM volumes permits the use of multiple PCMs to target different
performance zones within the package. This compartmentalization
also permits increased base thickness in key high power areas of the
chip to promote better heat spreading. Note both figures are sec-
tioned to better show internal package features. The top seal has
been completely removed from panel (a) showing the 25 mm package.
Panel (b) illustrates a larger 50 mm package with thicker central heat
spreader and multiple PCMs.

timize the thermal management package layout for specific power maps or thermal

requirements of individual chip families. Figure 8.1 illustrates the tunable package

architecture. The tight working volumes are based upon a honeycomb pattern sub-

divided into isogrid or isokite deltoid structures further augmenting the surface area

to volume ratio beyond that studied with traditional honeycomb enhancements. A

benefit of my discrete PCM region based design, shown in Figure 8.1(a), is that not all

partitioned volumes within the package need to be the same depth. A PCM volume

with a shallower depth, such as those shown in orange of Figure 8.1(a) and 8.1(b), is

advantageous for high-power density regions of chips because the thicker base acts as

a heat spreader. Additionally, the thickness of the isostructure walls can be increased

in areas of high heat flux to promote enhanced local heat spreading. These tech-
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niques for localized heat spreading boost design performance without requiring all of

the walls or the entire base of the package to be thicker, which would significantly

reduce the available volume of PCM. In an extreme case, where a region of heat flux

is high enough that the PCM will not have time to change phase prior to the chip

reaching the thermal cut-off temperature, a portion of the PCM package could be left

as solid metal, providing a continuous high conductivity path from the chip to the

rejection surface at the top of the package. This spreading path quickly removes heat

from the chip surface while still providing the benefit of latent heat storage from the

PCM in the remaining volume of the package. In addition to the design benefits of

localized heat spreaders, the size and shape of the PCM volumes can be optimized

to the specific power map of each application. As an example of this, Figure 8.1(b)

shows the inclusion of radial spreading troughs to promote uniform heat spreading

through-out the package, while maximizing the total volume of PCM available for

latent heat storage. Since the PCM volumes are discrete, this also permits multi-

ple PCMs to be employed within the same package without concerns of mixing or

sedimentation between materials. The extent of possible performance enhancements

gained by introducing multiple PCMs will be addressed in future studies.

Applying these design metrics to the conceptual designs shown in Figure 8.1,

we develop a range of proposed package designs for performance testing. I select

package sizes of 25 and 50 mm square at a thickness of 5 mm for investigation. This

helps to limit the study to the effects of the internal structure, and these common

sizes allow results to be better compared to past and future work. As discussed for

the conceptual design, the package layout can be easily tuned to the power map

of the specific chip in a particular system. Our novel geometries seek to augment

the performance of traditional PCM heat exchanger layouts by reducing the heat

transfer resistance from the die to the center of the PCM volumes. This allows faster

response time to surge power demands, while maintaining adequate heat spreading

throughout the package. In this study, we design packages for a uniform power map to

investigate the worst case scenario of setting the entire chip at the highest heat flux,



153

Figure 8.2. Overview of the different package designs compared in
this study. All packages are 5 mm thick and machined from 6061
aluminum. Those in the top row are 25 × 25 mm, while the bottom
row are 50 × 50 mm. The left-most package in both rows is the solid
aluminum block the same size as the composite samples, used as a
performance comparison benchmark with sensible heating only. Both
the 25 and 50 mm package designs have a no fin case (second from
the left) and an isogrid based fin design. The 50 mm package has
one additional design based upon isokite deltoid fins (bottom row, far
right). This isokite design highlights the key design features of the
package design that can be used to tune and optimize packages for
specific power maps and applications.

but in practice could easily be tuned for the specific hot spots to provide even greater

performance benefits from the added PCM storage volume. Based upon these design

concepts, we evaluate two separate manufacturing approaches for package fabrication:

bottom-up and top-down.

8.2 Bottom-Up Approach

A bottom-up approach is additive, the composite heat exchanger is built up by

introducing material to build the structure up to the final design. This approach

permits a high degree of design freedom and is not constrained by typical machin-

ing operations. In fact, the heat exchanger would be built layer-by-layer using high
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thermal conductivity metal foils, laser cut into shape and ultrasonically welded to-

gether utilizing the Fabrisonic R220 ultrasonic welding machine in Purdue’s Herrick

Laboratory.

8.2.1 Ultrasonic Welding

The ultrasonic welding process creates a solid-state bond between the layers of

foil at low temperatures (no melting). The process is detailed in Figure 8.3(b). This

consists of breaking the native oxide layer, bringing the two materials into intimate

contact such that localized asperities yield and collapse due to high frequency vibra-

tions from the horn (roller), then heat and pressure create a high strength metal-metal

solid state bond [152]. While heat is required to form the solid state weld, it is a very

low heat compared to traditional bonding processes. The peak temperature for this

process for an aluminum-aluminum bond is less than 120℃.

To design the structure for this assembly technique, a slicer program sub-divides

the 3D CAD solid model of the heat exchanger. These programs are typically used

for preparation of 3D printer builds, but work well here to define discrete layers

of the design based on the 150 µm thickness of the foil used to form the layers.

This metal foil stock is laser cut to form each layer of the component stack, then

the layers are carefully aligned on the Fabrisonic welding platform using a custom

designed alignment pin tooling plate to ensure proper layer alignment. Due to the

low temperature of the ultrasonic welding process, PCM can be introduced into the

heat exchanger at any of the intermediate steps, and can even be sealed within the

package with further layers added on top of it. A general representation of such a

heat exchanger design can be seen in Figure 8.4, where the thin void layers are clearly

visible in the right image.
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(a) Ultrasonic welding horn bonds foil

(b) Welding process (c) Bonding of dissimilar materials

Figure 8.3. The weld is formed by ultrasonically removing the na-
tive oxide layers, bringing the materials into close contact such that
the local roughness features yield and flatten due to high frequency
vibrations from the horn, and then the heat and high pressure forms
high strength metal-metal solid state bonds. The required applied
heat is very low: for aluminum, the report peak temperature is less
than 120℃. This process can easily be used to weld dissimilar materi-
als to provide a wider range of design options for the heat exchanger
structure. Figures courtesy of Fabrisonic [152].
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Figure 8.4. (left) Fabrisonic demo samples showing the result of the
process prior to trimming the excess foil stock off the part. (right)
Example of a heat exchanger fabricated with this technique. Note the
voids within the cross-section through which fluid could flow (or in my
work, PCM could be embedded). Figures courtesy of Fabrisonic [152].

8.2.2 Challenges of Implementing the Bottom-Up Approach

The possibilities for the performance enhancement with the Fabrisonic system are

great, but implementing this approach has introduced some major road blocks to

success. The system available on campus is older and lacks the top-end automation

and integrated machining capabilities. This means that instead of the foil being

continuously introduced from a roll where it is held under constant pressure, aligned,

bonded, then cut in place, we must do each step manually. The main problem with

this is the need to cut each layer’s pattern prior to tensioning the foil. The pneumatic

control of the tensioning pistons on our system is not fine enough to prevent the

initial tension impulse from ripping the reduced cross-section of the foil. Wider foils

were considered but due to the narrow width for the horn of the machine, wrinkling

of the foil created problems for the subsequent layers to be bonded on top. These

problems would be solved using Fabrisonic’s newer automated machines (SonicLayer),

but would require further investigation and tuning to use the available equipment.

8.3 Top-Down Approach

The top down approach to package design and fabrication is a standard process

for heat exchangers. This involves subtractive machining (e.g. milling), casting, or
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Figure 8.5. Fabrisonic system build platform. Pneumatic pistons
clamp the foil to secure it, then stretch it to hold it flat along the
build plate.

molding to fabricate the designs. It is typically limited by machinability of the solid

portion and/or how the PCMs can be later integrated into the structure after all

machining is done. Subtractive manufacturing is the most widely used approach as

it permits the solid component of the heat exchangers to be cast or machined, then

filled with PCM separately. The benefits of this method come from the established

practices, supply chains, and technicians in place already for its implementation;

however, PCM volumes must be large enough to permit easy introduction of PCM
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throughout all voids from the top or some single fill port. Additionally, feature

sizes and wall thicknesses are constrained by the production tolerance limits of CNC

machines or the casting feature resolution. This method typically only employs a

single material to avoid poor interfacial properties between dissimilar material bonds.

The top-down approach provides a good baseline for evaluation of the new PCM

test platform presented in Chapter 9. Our novel feature geometries seek to augment

the performance of traditional PCM heat exchanger layouts by reducing the heat

transfer resistance from the die to the center of the PCM volumes, thus allowing faster

response time to surge power demands. I utilize CNC machining to produce arrays

of packages based upon the composite designs detailed above. These features are

designed to comply with standard CNC machining rapid prototyping tolerances, ± 25

µm (± 0.01 in), maintaining wall thicknesses of at least 50 µm (0.02 in), and a specified

finish cutter diameter of 1/16 in to yield inner corner radii of ∼80 µm. This is done

to help mitigate the cost of machining many packages with contoured, small features.

Here, the packages are sealed with a Kapton® film to prevent material degradation

during testing and better simulate actual operating conditions. In practice, they can

be sealed via ultrasonic welding to permanently attach metal lids without overheating

the PCM inside.

8.4 Predicted Package Performance

The package designs are evaluated using a 3D, transient COMSOL multiphysics

simulation to predict expected performance. The square geometry is reduced to 1/8

using symmetry as shown in Figure 8.6. The kite deltoids have not been modeled

at this time due to the inability to accurately include them within a symmetric 1/8

segment of the package. Inclusion of these will require a 1/4 model. A uniform heat

flux of 7 W/cm2, based upon the average power density of recently released mobile

phone processors, is applied through a central square of size 25 |times 25 mm on the

back surface of the package. Convective boundary conditions are assumed for the
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(a) Top view of package geometry (b) 3d model of the reduced simulated do-

main

Figure 8.6. Schematic of the COMSOL model showing the simplified
package design under review.

top and side surfaces, where a constant convective coefficient of 15 W/m2·K is used to

represent a general natural convective cooling condition to ambient air at 293 K.

The material of the package is specified as 6063 Aluminum using temperature

dependent properties included within the COMSOL material library. The PCM is

defined based upon the properties of Climsel C70 defined in Table 8.1. The PCM

is filled into the voids in the package to within 0.5 mm of the top surface to be

consistent with the clearance needed in a real package for volumetric expansion of the

PCM after phase change. The phase change process is modeled using the apparent

heat capacity method integrated within the heat transfer module in COMSOL. A

300 µm top sheet of aluminum is added to the package to represent two layer of foil

ultrasonically welded to seal the system.

One metric of interest is the time to reach a particular cut off temperature. By

monitoring the hottest point in the package over time, we can compare the relative

performance of packages with different designs and PCMs. Results of the simulations
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Table 8.1. Data used for material properties of Climsel C70 in nu-
merical COMSOL study.

Property Value

Density 1400 kg/m3

Latent Heat 282.9 kJ/kg

Specific Heat 3.6 kJ/kg·K

Thermal Conductivity 0.6 W/m·K

looking at the added effect of the PCM for this geometry, and compared to a full

solid volume of aluminum, are included in Table 8.2. Clearly, the PCM (Climsel

C70) improves the time to reach 100℃ compared to the empty package and even the

solid Aluminum block for the tested heat flux.

Table 8.2. Results of COMSOL study.

Package Time to 100℃

Empty 35 s

Solid 60 s

Climsel C70 (0.93 g) 102 s

The goal of my proposed test packages is to allow direct comparisons to be made

between effects of internal design changes upon package performance. Existing perfor-

mance evaluation platforms of PCM performance in electronics thermal management

have not been able to couple realistic operation values, such as heat flux, power pro-

files, and PCB heat spreading, with a well-controlled scientific experiment. In the

next chapter a new testing system is presented aiming specifically to address these

long standing problems in PCM experiments.
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9. IN SITU MEASUREMENT PLATFORM

9.1 Thermal Test Vehicle

To evaluate the PCM heat sink performance, we develop a generalized thermal

management evaluation platform (TMEP) based on a thermal test vehicle (TTV),

shown in Figure 9.1. This system permits accurate control of not only heater power,

but also the spatial and temporal power map across the chip, which allows high

power densities to be used. The TTV contains a 5 × 5 array of heaters within a

test die that is approximately 21 × 21 mm. Additionally, this TTV is integrated

with an array of platinum resistance temperature detectors (RTDs) to measure the

temperature distribution across the internal surface of the test chip. These RTDs

are representative of the integrated temperature sensors in actual processor dies. An

inter-integrated circuit (I2C) addressable pulse width modulation (PWM) control

board was fabricated to permit individual control of all the TTV heaters using a

single DC power supply (HP 6428B). Such control allows the user to develop and

run any power profile or thermal cycling test desired. Interfacial loading between the

PCM package and the TTV interface is also controllable for consistency and permits

investigation into the effects of contact resistance between the PCM package and

chip die. External natural convection effects are minimized by the installation of a

thick polyether ether ketone (PEEK) insulating plate above the package, which is

used for normal loading of the package to the die. The PEEK plate overhangs the

PCM package enough to create a region surrounding the package with a very low

Grashof number. This suppresses the convective losses from the package and better

matches the conditions of operation in a small enclosure, such as the case in portable

electronics.
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Figure 9.1. Thermal test vehicle (TTV) and experimental periph-
erals. Note, loading fixture is elevated and rotated out of position
slightly to provide a better overall view of the TTV and package
mounting. The fan is included to assure that all packages are quickly
cooled back to ambient temperature when the temperature falls be-
low 30℃ after all cycles have been completed. The fan is not active
during any other portion of the cycle test.
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System control and data acquisition are fully automated via LabVIEW with an

Arduino-MATLAB interface to address and control the serial commands sent to the

PWM matrix array. An intuitive graphical user interface (GUI) was created to give

the user full control of the power profiles, both spatial and temporal. This GUI allows

the user to select from pre-programmed spatial power maps, based upon common hot-

spot configurations, for the test procedure, or the user can input their own custom

spatial power map through the custom power map tab of the GUI. In addition to the

spatial control of the TTV power map, the user has full control of the heater cycle

period and number of cycles applied through the controls of the GUI.

Results for melting and solidification cycles are monitored using an NI cDAQ-9178

chassis with several specialized modules: a voltage module (NI 9205) for monitoring

power to the heaters, a universal analog input module (NI 9219) for four-wire moni-

toring of internal RTDs, and a thermocouple module (NI 9213) for monitoring system

and ambient temperatures. Additionally, a Keithley 2701 digital multimeter (DMM)

equipped with two 20 channel multiplexer cards (Keithley 7700) provides four-wire

monitoring of additional internal RTDs. The experiments provide information about

the effectiveness of the PCM packages for extending the operation time before reach-

ing the critical temperature.

A 0.5 mm thick thermal interface material (TIM) pad, Artic Thermal Pad (κ =

6 W/cm2), provides repeatable installation conditions for each package test, with a

new pad installed for each package/PCM combination, as shown in Figure 9.3. The

pads are cut oversized, 25 × 25 mm, for the die to avoid any errors associated with

pad misalignment during installation.

9.2 Experimental Methodology

Prior to the start of an experiment, the masses of the empty packages, PCM

filled packages, and PCM filled and sealed packages are recorded for each individual

sample. The interfacial load value for all tests is set to 69 kPa (∼ 10 psi) and
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Figure 9.2. A view of the custom graphical user interface (GUI)
created to allow users to intuitively interact with the test platform and
easily run experiments. It has pre-programmed power profiles with
different layouts of common hot-spot configurations, or it permits the
user to enter their own custom spatial layout. Additionally, this GUI
provides the user full control over the period of the heating cycles and
the number of cycles to apply during the test.

remains constant for all tests. During an experiment, many values are monitored

and recorded to fully capture the performance of the composite PCM heat sink.

First, the die temperature map is logged using the internal RTDs throughout the

TTV chip. Additionally, thermocouples monitor system and ambient temperatures to
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Figure 9.3. Overview of the test progression for each test package.
First the response of the bare die is measured, then the control cases
without PCM are measured (machined packages without PCM and
solid aluminum packages), and then the package with the PCM inte-
grated is tested. A new thermal pad is applied each time a package
is changed for consistency.

better account for thermal losses. The power supplied to the heaters is also monitored

via current sense resistors and logging of the supply output voltage.

The test parameters for the experiments are chosen to investigate specific oper-

ation regions for a target device or chip. In this study, uniform power maps are

considered. The uniform test conditions evaluate a range of heat fluxes from 6.8 -

14.5 W/cm2. The test power cycles are designed to operate like an active thermal

throttling scheme, commonly employed in electronics, allowing processors to exceed

typical clock speeds for a short period of time (surge processing) until the die temper-

ature rises above a specified limit. When the die surpasses the cut-off temperature,

Tcut−off , the power is reduced to keep the processor at a safe operating temperature.

Once the temperature drops beneath a lower temperature set point, the processor is

allowed to go back to high-power operation again. In this study, Tcut−off is set at 95℃

to avoid damage to the TTV, and the temperature to allow the high-power cycle to

restart is 30℃. This lower temperature choice is somewhat arbitrary for the purposes

of these tests, but is chosen to show the performance of the composite PCM heat sink

across a broad range of potential operating temperature conditions. The number of

cycles to complete is another user defined parameter. Five cycles are chosen for this
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study as this captures the full behavior of a design-material combination, which shows

the nature of the melt and regeneration behavior during operation.

The sequence of events during a test is as follows. The test starts with a 30 second

period to confirm equilibrium conditions in the die and package. This ensures that

each test starts from a steady state ambient condition. After initial equilibrium is

confirmed, power is supplied to all the heaters at the specified levels for each location.

Heating continues until the maximum die temperature increases above 95℃. At that

point, the power to the heaters is shut off allowing the die and package cool naturally

via heat spreading and dissipation through the TTV. It is important to note that

temperatures are monitored continuously throughout all phases of the test to capture

both melting and regeneration behavior. When all die temperatures decrease below

30℃, one of two things happens: (1) if the current cycle number is less than the set

number of test cycles, then the heaters turn back on and the heating/cooling period

repeats, (2) if the current cycle number is equal to the total number of test cycles set

by the user, then the package continues to cool naturally back to the ambient starting

temperature and the test is complete.

The testing procedure for each design and material combination consists of several

stages. First, baseline tests (without PCM) are carried out to provide a comparison

point for the composite PCM heat sinks. These baseline tests, carried out for all power

levels, consist of the following cases: bare die (no added thermal management), solid

aluminum packages (both 25 and 50 mm square by 5 mm thick), and each package

design sealed without the PCM fill. Regular tests consider all package designs with

each of the PCMs added to compare performance between sizes, designs, and PCMs.

Multiple tests are run for all baseline and PCM filled cases, with the results averaged

for each case.
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10. EVALUATION OF PCM PACKAGES

Figure 10.1 shows the evolution of the die temperature with respect to time during

the test of the 50 mm isokite package design containing PlusICE S70 PCM at a heat

flux of 7.5 W/cm2. The red region highlights melting during the heating phase, and

the blue area denotes regeneration during cooling. Heating ceases once the max die

temperature reaches 95℃. Due to the thermal resistance between the TTV die and

the temperature of the PCM, melting appears to occur at a higher temperature than

70℃. This same phenomena is also observed during regeneration, with the apparent

regeneration temperature depressed below the melting point during cooling; however,

there is minor sub-cooling observed as shown by the small peak in Figure 10.1 during

solidification. This peak occurs because sub-cooling allows the PCM temperature to

reach a temperature below the phase change temperature of the PCM. Then upon the

initiation of regeneration, the PCM releases the latent energy stored during melting

to undergo a liquid-to-solid change of phase. This release of energy means that the

increase in heat flow from the package, through the die, causes the internal chip

temperature to rise again resulting in a small temperature peak associated with sub-

cooling during regeneration.

Figure 10.2 shows the time to 95℃ for different packages and power levels. As a

guide to interpreting the results, first consider a single package size, PCM type, and

power level (for instance, the 50 mm package with PureTemp 68, at ∼ 7.3 W/cm2 shown

in the top right corner of the image). As predicted, the addition of fins (e.g., isogrid

and isokite package designs) significantly enhances conduction pathways through the

PCM and improves the performance (i.e., the time to 95℃) of the composite PCM

package. Additionally, the packages with higher surface area to volume ratios (e.g.,

isokite) generally performed better than the finless or isogrid packages in all test cases

except for the PureTemp 42 at the lowest heat flux level. The PureTemp 42 with
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Figure 10.1. Temperature evolution for the 50 mm isokite package
design filled with PlusICE S70 PCM at a heat flux of 7.5 W/cm2.
Temporal regions during melting and regeneration are highlighted in
red and blue, respectively, and and the time to reach the cut-off tem-
perature of 70℃ is indicated.

the isogrid design has better performance than the PureTemp 42 isokite design for

the lowest heat flux level, but this result does not hold at higher heat fluxes due to

the interplay between melting timescale and heating rate. At the lower heat flux, the

PureTemp 42 can accommodate the heating load of ∼ 7.3 W/cm2 and has a longer

period over which to absorb the thermal energy. In the case of the PureTemp 42 in

the isokite design at the 7.3± 0.5 W/cm2 heat flux, the PCM is fully exhausted long
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Figure 10.2. Time for each heat sink to reach the cut-off temperature
of 95℃. The results are split and grouped first by package size (25 and
50 mm); then clustered by the type of PCM in the package during the
test. A PCM type of “None” indicates a package is tested without
PCM, while “S70”, “PT42” and “PT68” signify the use of PlusICE
S70, PureTemp 42 and PureTemp 68, respectively. The different color
bars represent the individual package designs. “Solid” packages (or-
ange) are a solid mass of aluminum with the same overall dimensions
as the PCM heat sink packages, whereas “No Fins” packages (blue),
“Isogrid” packages (green) and “Isokite” packages (yellow) have the
indicated fin structures. Each row of bar charts represents a different
power level as indicated by the labels on the right hand side. The
mass of PCM and the total mass of each package is listed below the
bar charts.
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before the cut-off temperature is reached; therefore, it is beneficial for the package to

have the extra volume of PCM allowed by the isogrid design. At higher heat fluxes,

the energy absorption of PureTemp 42 cannot keep pace with the heating rate, thus

the latent heat of the PCM is not exhausted prior to the chip reaching the Tcut−off ,

which renders the surplus PCM volume in the isogrid case useless. The trade-off

between the enhanced response of the isokite design and the added PCM capacity

of the isogrid design is a clear point to consider during package design for a specific

operating load and material combination.

Now, consider one package size and type while increasing the heat flux (i.e., look

down across a column). As expected, the time to 95℃ decreases with increasing

heating rate. While Figure 10.2 provides detailed information about the performance

of all the different package designs and material combinations at each heat flux level,

quantitative trends are not immediately clear. Figure 10.3 provides an overview of

the performance trends for each package design and material combination as the heat

flux is increased. An important feature to note is the convergence of the individual

design performances as the heat flux increases. This is expected due to the rate at

which the PCM can accept heating from the die. It is clear from Figures 10.2 and 10.3

that increasing surface area and decreasing each PCM volume thickness results in a

faster and more effective response for the PCM composite heat exchanger. Addition-

ally, the convergence of designs with increasing heat flux highlights the impact that

increased power loads have on enhancement features and PCM selection. This further

emphasizes the importance of a tunable package to permit easy design modifications

for high power systems.

Another major design consideration is the melting temperature itself, as observed

by comparing the response of PureTemp 42 to that of PureTemp 68. The ther-

mophysical properties, except melting temperature, are very similar for these two

materials, but PureTemp 42 provides a longer operating time before reaching 95℃

than PureTemp 68 due to the lower melting point. While this looks to be advan-

tageous during the heating cycles, the impact on the regeneration phase must be
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considered. A lower melting point requires a longer cooling time before full regener-

ation occurs thus requiring a longer regeneration period than PureTemp 68 with its

higher melting temperature. Therefore, if the operating conditions require infrequent

surges of thermal energy to be buffered, a PCM with a lower melting temperature

can provide a longer time to reach Tcut−off than a material with a higher melting

temperature, provided all other thermophysical properties are comparable. However,

as the cycling tests show in Figure 10.4, cases requiring regular thermal cycles would

benefit more from the higher melting temperature which decreases the regeneration

time and results in a shorter total cycle period (melting and regeneration), than from

a slightly longer time to Tcut−off .

In all cases, the salt hydrate PCM, PlusICE S70, performed better than the or-

ganic PCMs. This result is expected due to the higher cooling figure of merit for

PlusICE S70 compared to the PureTemp materials; however, a common barrier to

implementation of salt hydrate materials in practical applications is a propensity for

sub-cooling during regeneration. Sub-cooling, or the delay of the phase transition

from liquid to solid beneath the melting temperature, is often a major issue for cy-

cling of salt hydrate PCMs and must be investigated to determine if the augmented

performance of the PlusICE S70 comes at a high price during regeneration.

The regeneration portion of the thermal cycle is critical for operation in devices.

The desired behavior of a PCM during cycling allows the heat to be absorbed quickly

and effectively into the available PCM volume, which allows complete melting to

take place and provides maximum energy storage during a dynamic heating event;

however, this is only half of the picture. It is also essential for the PCM to effectively

reject the stored thermal energy after heating to allow quick cooling beneath the

melting temperature which permits the liquid to solidify and be ready to absorb more

thermal energy during the next heating cycle. If a PCM experiences sub-cooling, the

regeneration process is delayed and the cycle period is extended. PlusICE S70 is

specifically formulated to include nucleation-promoting components which minimize

the degree of sub-cooling. During cycle tests for PlusICE S70, a sub-cooling of less
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Figure 10.3. Time to 95℃ as a function of heat flux. As the heat
flux is increased, the difference in performance between the package
designs decreases. At a sufficiently high heat flux, the solid package
would provide approximately the same performance as the composite
PCM heat sink. The included lines are only meant to guide the eye,
and are not representative of mathematical fitting of the data.

than 5℃ is observed in all cases, as is highlighted by the small dip and peak during

its regeneration stage shown in Figure 10.4. No degradation in the behavior of the

material was observed during the course of the experiments.
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Figure 10.4. Temperature evolution during several cycles of heat-
ing for two commercial materials in the isokite packages. Repeated
cycling of the PCM filled package during testing reveals that while
short-term gains can be achieved with the lower melting temperature
PCM, it is difficult to fully regenerate in subsequent cycles due to the
elevated operating temperatures.
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11. SUMMARY OF CONTRIBUTIONS ON METROLOGY FOR PCM-BASED

HEAT SINKS

The thermal management evaluation platform (TMEP) is a highly capable user sys-

tem providing precise control over the thermal test vehicle (TTV) and in situ temper-

ature monitoring for investigating the performance of thermal management solutions.

In this work I detailed the development of the TMEP and a novel composite PCM

heat sink I designed to test the system. After calibration of the system sensors and

characterization of the system controls, I conduct a validation study investigating

the performance of enhanced composite PCM heat sinks using my own novel package

design. Through this study, I show that even using off-the-shelf PCMs a marked

improvement in performance and weight savings is achievable through the use of my

design. This has resulted in a better understanding of effective heat sink designs for

portable electronics.

11.1 Recommendations for Future Development of the PCM Packages

and TTV

Through this work on phase change thermal management, I have identified several

areas in which the research could be continued and improved including the following.

11.1.1 Improving the Passive Thermal Management Solution:

1. Perform studies investigating the impact of using two or more PCMs in the same

package (my segmented design). Can modifying the material type or melting

temperature in the hot spot areas have a significant impact on performance?



175

2. Perform further studies to see if there actually is an impact from the parabolic

fins that are theorized to boost composite PCM performance.

3. Fabrisonic Ultrasonic Welding System

(a) Start sealing packages with ultrasonic welder instead of Kapton tape. The

welded aluminum top will help improve performance by allowing heat to

spread at the top as well as the bottom.

(b) Develop new designs and work with Professor Gilbert’s group to dial in the

fabrication process to successfully make these packages using ultra-sonic

additive manufacturing.

4. Run longer thermal cycling tests to investigate long-term design performance

and look at the stability of the off-the-shelf materials after 500 - 1000 cycles.

5. Look at incorporating PCMs into existing low power active cooling thermal

management technologies. Determine to what degree these low power system

could be augmented by the introduction of PCM.

6. Perform an in-depth study (closer to fundamental research) on the regeneration

part of the PCM cycle. Develop models to help designers improve their under-

standing to of the regeneration process and better predict behavior. Is there

any way to work the problem from both sides and find an optimum design for

total cycle time, not just melting or regeneration.

7. Look into a PCM package design that leverages the pressure created from the

void volume restriction when the PCM expands at and after melting. Could this

increased pressure force PCM into something like capillary tubes to have very

small volumes which would respond very quickly at the next onset of heating



176

11.1.2 Improving the Thermal Management Evaluation Platform:

1. Target high power density hot spot testing. Target a range of power maps and

optimize the new designs for the composite PCM heat sinks to these. Run

tests to investigate the effectiveness of optimal configurations over just using

the standard spacing.

2. Study short time scale surges/transients as sharp power spikes with the TTV.

Goal is to use data from experiments and modeling to come up with a tool to

help designers address these steep transient events. After tool is complete, use

it to design an optimized composite PCM package for the transient and see how

much improvement is gained.

3. Small Improvements to the TMEP:

(a) Improve individual cell power monitoring scheme instead of using averaged

and scaled power right now. While not critical for the uniform power maps

presented here. This will be a key piece of functionality for the system

when investigating hot spots.

(b) Speed up the data acquisition from the Keithley 2701 to better monitor

transient heating on the full TTV.

(c) Develop an improved loading fixture

i. Needs more thermal isolation than just the PEEK block.

ii. Needs some form of guide to keep loading direction confined to normal

loading only.

iii. Add a view area to permit infrared (IR) imaging of in situ melting
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A. THERMOCOUPLE FABRICATION STEPS

1. Clean wires a nitric acid wash followed by a 200 proof ethanol rinse. Triple

solvent clean of alumina.

2. Place the ends of the two thermoelements side-by-side, mount in double carbon

arc welding mounting fixture, DO NOT TWIST ENDS.

3. Start the flow of the argon shielding gas, then strike the arc between the two

carbon electrodes just long enough for the bead to be formed.

4. 99.8% pure alumina, double-bore (127 µm ID), insulation tubes (794 µm OD)

(OMEGA TRX-005132-6) are used in all areas that will experience tempera-

tures >60℃, the remaining areas are insulated with fiberglass sleeving (OMEGA

FBGS-N-30-100 (Natural/White) and FBGS-N-30-100 (Red)). Note, these are

not the ANSI standard colors for type S thermocouple insulation (ANSI Stan-

dard is Black/Red for Positive/Negative), but the natural color was chosen over

black as it introduced fewer contaminants to the system

5. Following the insertion of the individual Pt/Pt-10%Rh leads through the double

bore tubes, the tip with the thermocouple junction is sealed in high-temperature,

high-purity alumina potting cement (Ceramabond 569) (agitated/outgassed dur-

ing mixing to reduce porosity and increase thermal conductivity). This electri-

cally isolates the junction tip from the metal bars and serves as a contamination

barrier between the molybdenum and the platinum.

6. After tube tip is sealed and cured, it is gently polished to remove any burs or

rough/uneven edges

7. Each probe is then chemically etched to reduce the probe diameter to fit precisely

in the respective installation hole on the reference bar. The probes are undersized

by a maximum of 11.43 µm following a standard locational clearance fit (LC1)



189

[153]. The chemical etching is accomplished using a buffered oxide etch (BOE).

Care must be taken to avoid exposure of the thermocouple leads to the BOE,

which is why the leads are gently coiled into a PTFE bag and the bag is carefully

sealed with Kapton® tape. This ensures that the thermocouple legs are not

damaged during the etching of the alumina sheath. The BOE concentration is

1:6 (HF : H2O = 1 : 6), which has a published etch rate for alumina of 100

nm/min at room temperature [154]. This very slow etch rate allows the probes

to be slowly brought the the correct diameter and the best fit to be obtained in

the reference bar for each probe sheath. The probes are etched one at a time in a

PTFE beaker with a PTFE lid that is drilled to hold the probe stationary in the

middle of the BOE in the beaker at the appropriate depth. Following removal of

the probe from the BOE beaker, it is thoroughly rinsed with ultra-pure water for

two minutes at a flow rate of at least one gallon per minute. The probe is then

dried by placing on top of a double thick layer of clean room wipes and using

a clean nitrogen gun to remove the water. Pressure for the Nitrogen regulator

should be set between 10-15 psi. This process is repeated until a precision fit is

obtained for all six thermocouple probes in the reference bar. After the desired

fit has been achieved, the Kapton® tape and the PTFE bag are removed. The

probe is then cleaned again by wiping down with 200 proof ethanol.

8. The entire probe assembly (all six at once) are then annealed for 1 hour at 1100℃

to remove cold work and relax the thermocouple leads

9. Following this anneal and controlled cooling to room temperature. The ceramic

sheathed portion of the assembly is inserted into the furnace to achieve a tem-

perature between 1050 - 1100℃, then quickly withdrawn from the furnace (over

a few seconds) and allowing it to quickly cool in air. This is an insulator limited

quench in that the thermal diffusivity of the alumina dominates the cooling rate

and is thus slower than if the thermocouple bare wire was quenched. Quenching

of bare wire can result in brittleness due to hardening during the rapid quench.

This quench of the type S thermocouple is done to minimize the drift for later
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high-temperature operation in the Z-Meter. In a quenched state and fixed in-

stallation position, the drift for type S thermocouples is greatest above 1000℃,

where it is ∼ 0.1℃ during the first 100 hours of operation (above 1000℃).
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B. HIGH TEMPERATURE SPRING FABRICATION PROCEDURE

SAFETY WARNING: ALL LATHE OPERATIONS DONE WITH THE LATHE

POWER DISCONNECTED!

High temperature springs can be fabricated by selecting or machining an appro-

priately sized smooth steel rod as an arbor to wind our spring around. Note that the

winding arbor diameter should be a little smaller than the target value due to wire

spring back which opens the diameter a little after the winding is released and also

that dimensional changes will also occur after the annealing process, so a couple of

iterations may be required. Next the wire will need some way to be secured to the

arbor, the best way is to drill a hole through the diameter of the arbor on one end

that is just big enough for the Inconel wire we are using to fit through. An alternative

is to clamp the wire against the side of the arbor when they are installed in the lathe

chuck if this can be done securely without causing the arbor to be off-center for the

lathe rotation. We then create a friction control device for the wire feed by sliding

a small length of plastic tubing over the end of the Inconel wire and mounting this

tube in the tool holder on the cross-slide of the lathe using the set screw to clamp the

tube and control how much friction is added to the wire sliding through the holder.

This is important because it allows us to keep the wire taught while we are wrapping

the wire around the arbor and will permit us to use the lathe cross-slide to control

the pitch of the winding. Next, to secure the wire to the winding arbor, we slide the

Inconel wire through the hole in the diameter of the arbor and make a hard 90° bend

in the wire on the opposite side to prevent it from slipping out. Mount the arbor in

the lathe, support the other end of the arbor in a chuck mounted in the tailstock and

position the tool holder close to he location where the wire is secured into the rod.

Based on the load rating you desire for your spring, set the number of coils per inch by

setting up the change gears for the lathe like you are cutting single-point threads. We
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recommend doing some test runs with steel wire of the same diameter as the Inconel

wire to avoid waste of the costly material. Once the lathe setting are determined and

the Inconel wire is being used, start hand rotating the lathe chuck counter-clockwise

(so that the wire is coiled from the tool holder over the top of the arbor, but leave the

halfnut disengaged to wind two tight coils to start the spring, then engage the lathe

halfnut and keep rotating to form the compression coils. Disengage the lathe halfnut

again about two wire diameters short of our desired stop location and wind two more

touching coils to finish the spring. It is critical to have your settings well defined, and

use a repeatable method of stops to ensure that each spring manufactured has a load

as close to the others as possible. Then trim the wire being fed from the tool holder

and cut the wire being secured through the arbor on the side opposite of the 90° bend.

At this point, your spring should slide off the end of the arbor (after the tailstock

support is moved out of the way). Now trim the coiled ends to leave approximatley

one tight coil before the regularly spaced pitch starts in the middle of the spring, then

grind the ends of the spring flat to finish off the spring. The next step is to stress

relieve the springs with an annealing step to make sure they hold their shape well.

The Society of Automotive Engineers (SAE) recommends the following triple

heat treatment for Inconel alloy X-750 [wire, spring temper] (AMS5699) designed

for springs in service requiring maximum relaxation resistance between 450 - 700℃.

First heat the cold coiled springs to 1150℃ and hold for 2 hours, but due to fur-

nace limitations, we heat to 1100℃ and hold for 4 hours (solution treating), then air

cool (AC). Next, heat to 850℃ and hold for 24 hours (stabilization treating), then

AC. Finally, heat to 700℃ and hold for 20 hours (precipitation treating), then AC.

Springs should be protected from sagging during the triple heat treatment. This is

accomplished by placing the springs on an arbor which makes a snug fit with the inner

diameter of the coiled spring [155]. The heat treatments are done in a Lindberg/Blue

M Mini-Mite tube furnace (TF55035A-1), fitted with an alumina process tube which

improves the temperature uniformity over the use with direct filament exposure. The

process tube can also be used to carry out furnace processes in atmospheres other
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than air. The most uniform part of the chamber is in the direct center of the furnace.

The process tube extends more than five tube diameters past the end of the hot zone,

which helps to maximize hot zone uniformity; however, if possible only use the center

70% of the furnace hot zone to ensure sufficient temperature uniformity during the

heat treatment. In other words, try to avoid using the last 15% of the hot zone on

both sides of the furnace as an area where the springs are being heat treated on the

arbor. Only insert one arbor at a time and it is best practice to suspend the arbor

in the middle of the alumina tube by using two annulus shapped supports, one at

either end of the arbor. The outer diameter of the annulus should be approximately:

ODAnnulus ≈ IDProcessTube - (5% - 10%).

It is typically recommended to use the springs with the oxide layer on. If they

must be cleaned, treat in a reducing bath of sodium hydride (NaH) followed by a

water quenching and rinsing provides a good surface [155]. If you use NaH make

sure you fully understand all safety procedures and are wearing appropriate personal

protective equipment (PPE) at all times.
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C. BAR ALIGNMENT PROCEDURE

Bar alignment is checked after bringing the bars into contact by holding a short

straight-edge1 along the axial direction of the two bars with the straight edge centered

at the bar interface. With the straight edge held along the bar, the user checks to

see if any light is visible between the bar surface and the straight edge. If there is

light visible on for one bar and it is a consistent thickness gap along that bar, then

it indicates that the bars need to be shifted into alignment to eliminate this gap.

It is a good standard practice to check this at three points on the bar separated by

approximately 120°. After the bars are aligned, all components are carefully tightened

working from bolt-to-bolt, tightening a little at a time to avoid shifting the system

out of alignment. After the bolts are all at their final installation torque values, the

bars are checked once more to verify alignment. This process can be repeated as need

to realign the bars after any system component in series with either bar is changed.

While taking advantage of the tolerance stacking for minute adjustments to insure

perfect positioning of the meter bars works very well for axial alignment, it does not

address the problem of the parallelism of the bar faces.

When checking the axial alignment of the bars, if there is a gap between the bar

and straight edge, but it is not a consistent thickness along the bar, this indicates that

there is a parallelism problem between the faces. However, sometimes the parallel

misalignment can be so small that it would be hard to see with the naked eye, for this

reason a more precise method of detection is required. When checking the parallelism

of the top and bottom bar faces, the bars should be separated by a very small distance,

approximately 0.001 - 0.010 in., but the exact distance does not matter. Once the

bars are separated, the user takes a parallel feeler gauge (do not use tapered feeler

1The straight edge used is simply a precisely machined bar for this purpose. It is made from 316SS,
measures 3.000 (L) × 0.750 (W) × 0.150 in. (T). It is machined to keep the long edges flat to within
± 0.001 in..
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gauges) and finds the smallest gap between the edges of the two bars by moving up

in sizes until the gauge slides around the perimeter everywhere except for a single

location. If there is any difference in fit between locations around the perimeter, then

this indicates that the bar faces are not parallel.

For example, if a 0.001 in. thick gauge fits tightly in one location, but then freely

slides everywhere else, then this indicates that the locations where the gauge is loose

are higher than the tight location. To bring the bar faces back into parallel, the user

should find a mounting bolt in series with the bar (above or below depending on the

top versus bottom bars), loosen this bolt slightly, then install a shim of appropriate

thickness to bring the two faces closer to parallel. The thickness of the required shim

can be determined by measuring the height difference between the point where the

thickness gauge fits tightly and where it is loose, which is accomplished by using the

other thicknesses in the feeler gauge. A first order estimation of the thickness for

the required shim is approximately 1/2 · (th2 − th1), where th1 is the thickness of the

gauge material where the shim gets stuck and th2 is the largest thickness of gauge

material that will fit between the faces of the bars (should be separated from the

sticking position by 180° around the bars). However, in reality, the shim is not being

applied directly above the misalignment, and the offset (vertically and horizontally)

will require the thickness of the correction shim to be further reduced to account for

the geometric mounting factors in the system. After a shim is installed, the axial

alignment of the bars must be checked again, then the parallelism of the bars can

be rechecked. This process is completed until the feeler gauge can slide all the way

around the perimeter of the bar interfaces, but the next size thicker, 0.0015 in., will

not fit between the bar interfaces. When this is achieved, the parallelism alignment

of the bars is 12.7 µm (0.0005 in.); however, this does not yet meet the parallelism

requirement of 5 µm to comply with ASTM D5470. In order to further measure the

parallelism between these bar faces, a difference in thickness between gauges of 0.0002

in. must be used. This is a smaller step difference than found on any known feeler

gauges, but it can easily be accomplished using a Class X go/no-go plug gauge. This
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plug gauge consists of a handle with one pin on either end. The “go” end is a pin of

�0.2500 in., while the “no-go” end houses a pin of �0.2502 in. Now the user must

just position the bars so that the “go” gauge can move between the two faces of the

bars, but the “no-go” gauge cannot be inserted. If the “no-go” gauge fits anywhere

between the bar faces after being sized to the “go” gauge, then the bar faces are not

parallel to within 5 µm and further shimming is required to bring the parallelism into

tolerance.
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D. RADIATION SHIELD ALIGNMENT PROCEDURE

Concentric alignment of the upper bar shield bank to the CLS shield bank is crucial

because there is little clearance between the inside of the upper bar bank and the

surface of the bar. Relative positioning of the two shield banks for assembly is done

using alignment rods. The clearance gap between the outer diameter of the upper bar

horizontal shield layers and the inner diameter of the CLS bank is 0.060 inches. A rod

diameter of 0.045 - 0.052 inches is required to properly center the two shield banks,

while still providing sufficient clearance to remove the rods without scratching the

polished surfaces of the shield assembly. A length of 4.75 - 5.50 inches is recommended

for rod length to allow full clearance of the CLS shield bank and enough rod exposure

for easy removal. Alignment rods can be purchased as 3/64 inch diameter rotary

shafts, but due the cost of these shafts and their limited use, an alternative method

is developed.

A 36 inch length of 1/16 inch stainless steel welding rod is selected and cut into

seven equal portions, approximately 5 inches in length. The welding rod diameter is

oversized for this application, so each rod is mounted in a drill chuck, then sanded and

polished using aluminum oxide sandpaper, starting with 600 grit, then progressing to

800 grit, and finally polishing with 1,200 grit, this process should take several minutes

per rod. Note it is imperative that the drill be speed or power limited to avoid injury.

In this case, a basic corded hand drill is mounted in a bench vise and plugged into

a Variac1, which limits the power. If a cordless drill is used, make sure it has slip

clutch or torque control, and set this to the lowest setting that still permits light

sanding pressure to be applied during rotation. After each rod is the correct size,

the portion of the rod mounted in the drill, which is still has a 1/16 inch diameter, is

trimmed away, and the ends are lightly sanded to remove any burs that might scratch

1Variac is a trade name commonly used for a variable autotransformer.
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the heat shield surfaces. The rods are then subjected to a triple solvent wipe down,

to remove any surface contaminants and oils, which involves using a hydroentangled,

nonwoven cleanroom wipe (TechniCloth© TX609) folded into quarters and wetted

with solvent to wipe down the rod starting with toluene, then acetone, and finishing

with isopropanol. A new wipe is used for each chemical. Wipes may be used to clean

multiple rods provided a clean quarter of the cloth is used each rod.

The rods need to be distributed around the perimeter of the shield to keep the

assemblies concentric. The equal spacing of the rods is also challenging as they have

to stay in place while the two shields are aligned vertically. The easiest way to

complete this assembly is to secure two 24 inch long parallel strips of 3/4 inches wide

Kapton® tape to a clean work surface with approximately 3.5 inches between the

outer edges of the two strips and the adhesive side facing up. Place the first rod 2

inches from the left end of the strip, with one end of the rod flush with the outer edge

of the tape making sure the rod is approximately perpendicular to the two tape strips.

The spacing for the remaining rods is determined by dividing the circumference of

the inner face of the CLS shield bank divided by the number of spacing rods used,

∆xrod = C/n = π·di,CLS/n, (D.1)

where Di is the inner diameter of the CLS shield bank and n is the number of rods

used. The inner diameter of the CLS shield bank is 2.120 inches, which gives a

circumference of 6.660 inches. When divided by the seven rods we prepared, this

gives a rod spacing of 0.950 inches. Then, take two more pieces of tape and cover the

first two pieces, adhesive sides contacting the rods and press together to seal. This

creates a flexible sheet that is used to align the two shield banks, without needing to

hold all of the rods in place separately.

Place the CLS bank on a clean surface with one of the open ends facing up.

Carefully insert the flexible sheet of rods inside the inner most heat shield of the CLS

bank with the end where the rods are flush with Kapton® inserted first. Spread the

rod sheet out to line the perimeter of the heat shield, a small amount of Kapton® tape

can be used to hold the ends of the rod sheet in place if needed, but this should be
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applied at the end sitting on the table, where the rods are flush. This avoids any

interference of the tape with the alignment region. There should be a small protrusion

of alignment rods from the top of the shields when done. Next, prepare the set screws

used to join the two shield assemblies by starting them in the threaded of the CLS

bank from the outside towards the inside. Install each such that the threads engage

and it is held in place, but make sure it does not enter the inner cylinder surface to

avoid scratching the other shield bank during installation. Finally, carefully insert the

upper bar shield bank with the horizontal shields going in first and align the threaded

holes between the two shields. Use one hand to hold the upper bar shields in place

while using a ball-end hex driver to interlock the two shield banks. It is important

to go slowly here and tighten each set screw gradually working between the fasteners

in a criss-cross pattern until the two shield banks are secure.

Check the alignment by first visually inspecting and verifying that the banks

appear to be centered and that all of the alignment rods are indeed passing between

the two banks. Then pick up the shield assembly, and test that all the rods move

freely when pulling from the end of the rods flush with the tape. If all rods are free to

slide out, carefully remove the alignment rods and the shield assembly is complete. If

any of the rods bind or cannot be freely removed, this means that the shield assembly

is not fully centered and the set screws must be adjusted. The amount misalignment

possible in this assembly is at most a few thousands of an inch as dictated by the

tolerance of the threaded holes and set screws.

Since this alignment only has to be addressed whenever the two shield are being

assembled it is unlikely that it will have to be redone by future users as the shields

can be removed together as a single unit from the system to access the bars, but if

infrared (IR) measurement systems are added to the system in the future more of the

upper bar will need to be visible. A modified design of the upper bar shield bank will

be required, which is shorter to permit the IR detector to see more of the bar surface.

In such a case the alignment procedure of the shield banks will prove useful.
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E. Z-METER PART DRAWINGS
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Tubing Assemblies
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F. Z-METER WIRING DIAGRAMS

Vacuum Service Well Port Identification

Figure F.1. Top view of Kurt J. Lesker vacuum service well (P/N:
SW1808SUQ) with utility ports labeled. These labels correspond to
the cable naming convention and service as a reference for easy linking
between the physical port location and associated wiring diagrams.
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Port A: Circular Connector (10 pin)

Insert Arrangement: 12-10

Plug (ATM) P/N: FTACIR10AC

Cabling (ATM): 24 AWG, tinned copper, 3 conductor, FEP insulation, Beldfoil®

(100%) + tinned copper braid (85%) shield, FEP jacket - Belden 83503

Plug (VAC) P/N: FTACIR10V

Cabling (VAC): 29 AWG, silver plated copper, 4 conductor, spiral shielded, Teflon® Ca-

ble - 10’ included leads with FUTEK LSB200 (QSH01649) load cells

Figure F.2. Pin-out for port A circular connector.

Table F.2. Load cell installation location by S/N. This is important
as there is a different calibration for each load cell (cataloged by S/N).

Load Cell No.: Location: S/N:

1 Front 690326

2 Right 690325

3 Left 690327
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Port B: Type K Thermocouple F/T

Push-on Crimp Connectors P/Ns:

Chromel (+): FTATC056C (Lesker)

Alumel (-): FTATC056A (Lesker)

Cabling (ATM): 20 AWG (solid) type-K extension grade thermocouple wire, PVC

insulation, PVC jacket. P/N: EXPP-K-20 (Omega )

Cabling (VAC): 24 AWG (solid) type-K (SLE) thermocouple wire, Kapton® insu-

lation, Kapton® jacket. P/N: 5TC-KK-K-24-72 (Omega)

Figure F.3. Pin-out for port B thermocouple F/T.
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Port C: BNC Single-Ended (x4)

Plug (ATM) P/N: FTABNC (Lesker) [Same as Amphenol RF P/N: 031-2]

Cabling (ATM): 20 AWG Coax (stranded - 19x33) RG-58 A/U - Belden 8259

Plug (VAC) P/N: FTASSC094 (Lesker)

Cabling (VAC): � 121.92 µm (0.0048 in.) OSI Tungsten hs-86 electrode wire,

braided fiberglass insulation sleeve FBGS-N-30-100 (Omega)

Figure F.4. Pin-out for port C BNC F/T.
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Port D: Circular Connector (32 pin)

Insert Arrangement: 18-32

Plug (ATM) P/N: FTACIR32AC (Lesker) [Same as MS3476L18-325 (Deutsch)]

Cabling (ATM): 24 AWG (stranded - 28x0.10) ultra pure oxygen free copper,

polypropylene conductor insulation, x8 twisted pairs per cable - individually jacketed

(PVC composite) and shielded (24 µm aluminum/polyester foil, > 150%), overall

jacket (PVC composite). x2 cables per connector to give x16 twisted pairs per circu-

lar connector. Bend radius: 122 mm (4.80 in.). Color Code: IEC 189-2 appendix A

Plug (VAC) P/N: FTACIR32V (Lesker)

Cabling (VAC): 24 AWG (solid), silver plated copper wire

Figure F.5. Pin-out for port D circular connector.
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Table F.6. Port D (1/2): Pin-out connections and wiring. Cable
conductor designation: CABLE.TWISTED PAIR.COLOR(±)

Pin:
VAC Connection

CJC No.
ATM Connection: ATM Cable:

A 9 Keithley 2700.(7708)-105(+) ZMETER.D-1.02.white(+)

B 10 Keithley 2700.(7708)-105(-) ZMETER.D-1.02.orange(-)

C 13 Keithley 2700.(7708)-107(+) ZMETER.D-1.03.white(+)

D 14 Keithley 2700.(7708)-107(-) ZMETER.D-1.03.green(-)

E 17 Keithley 2700.(7708)-109(-) ZMETER.D-1.04.brown(-)

F 18 Keithley 2700.(7708)-109(+) ZMETER.D-1.04.white(+)

G 23 Keithley 2700.(7708)-112(-) ZMETER.D-1.05.grey(-)

H 24 Keithley 2700.(7708)-112(+) ZMETER.D-1.05.white(+)

J 25 Keithley 2700.(7708)-113(-) ZMETER.D-2.02.orange(-)

K 26 Keithley 2700.(7708)-113(+) ZMETER.D-2.02.white(+)

L 27 Keithley 2700.(7708)-114(-) ZMETER.D-2.03.green(-)

M 28 Keithley 2700.(7708)-114(+) ZMETER.D-2.03.white(+)

N 31 Keithley 2700.(7708)-116(-) ZMETER.D-2.04.brown(-)

P 32 Keithley 2700.(7708)-116(+) ZMETER.D-2.04.white(+)

R 3 Keithley 2700.(7708)-102(+) ZMETER.D-2.05.white(+)

S 4 Keithley 2700.(7708)-102(-) ZMETER.D-2.05.grey(-)
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Table F.7. Port D (2/2): Pin-out connections and wiring. Cable
conductor designation: CABLE.TWISTED PAIR.COLOR(±)

Pin:
VAC Connection

CJC No.
ATM Connection: ATM Cable:

T 7 Keithley 2700.(7708)-104(+) ZMETER.D-1.08.red(+)

U 8 Keithley 2700.(7708)-104(-) ZMETER.D-1.08.green(-)

V 11 Keithley 2700.(7708)-106(+) ZMETER.D-1.07.red(+)

W 12 Keithley 2700.(7708)-106(-) ZMETER.D-1.07.orange(-)

X 19 Keithley 2700.(7708)-110(-) ZMETER.D-1.06.blue(-)

Y 20 Keithley 2700.(7708)-110(+) ZMETER.D-1.06.red(+)

Z 21 Keithley 2700.(7708)-111(-) ZMETER.D-2.08.green(-)

a 22 Keithley 2700.(7708)-111(+) ZMETER.D-2.08.red(+)

b 29 Keithley 2700.(7708)-115(-) ZMETER.D-2.07.orange(-)

c 30 Keithley 2700.(7708)-115(+) ZMETER.D-2.07.red(+)

d 5 Keithley 2700.(7708)-103(+) ZMETER.D-2.06.red(+)

e 6 Keithley 2700.(7708)-103(-) ZMETER.D-2.06.blue(-)

f 15 Keithley 2700.(7708)-108(+) ZMETER.D-1.01.white(+)

g 16 Keithley 2700.(7708)-108(-) ZMETER.D-1.01.blue(-)

h 2 Keithley 2700.(7708)-101(-) ZMETER.D-2.01.blue(-)

j 1 Keithley 2700.(7708)-101(+) ZMETER.D-2.01.white(+)
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Port E: Circular Connector (32 pin)

Insert Arrangement: 18-32

Plug (ATM) P/N: FTACIR32AC (Lesker) [Same as MS3476L18-325 (Deutsch)]

Cabling (ATM): 24 AWG (stranded - 28x0.10) ultra pure oxygen free copper,

polypropylene conductor insulation, x8 twisted pairs per cable - individually jacketed

(PVC composite) and shielded (24 µm aluminum/polyester foil, > 150%), overall

jacket (PVC composite). x2 cables per connector to give x16 twisted pairs per circu-

lar connector. Bend radius: 122 mm (4.80 in.). Color Code: IEC 189-2 appendix A

Plug (VAC) P/N: FTACIR32V (Lesker)

Cabling (VAC):

Figure F.6. Pin-out for port E circular connector.
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Table F.8. Port E (1/2): Pin-out connections and wiring. RTD
assignment designation: RTD.I/V(±). Cable conductor designation:
CABLE.TWISTED PAIR.COLOR(±)

Pin:
VAC Connection

RTD No.
ATM Connection: ATM Cable:

A ii.I(+) Keithley 2700.(7708)-105(+) ZMETER.E-1.02.white(+)

B ii.I(-) Keithley 2700.(7708)-105(-) ZMETER.E-1.02.orange(-)

C i.I(+) Keithley 2700.(7708)-107(+) ZMETER.E-1.03.white(+)

D i.I(-) Keithley 2700.(7708)-107(-) ZMETER.E-1.03.green(-)

E viii.I(+) Keithley 2700.(7708)-109(-) ZMETER.E-1.04.brown(-)

F viii.I(-) Keithley 2700.(7708)-109(+) ZMETER.E-1.04.white(+)

G viii.V(-) Keithley 2700.(7708)-112(-) ZMETER.E-1.05.grey(-)

H vii.I(+) Keithley 2700.(7708)-112(+) ZMETER.E-1.05.white(+)

J vii.I(-) Keithley 2700.(7708)-113(-) ZMETER.E-2.02.orange(-)

K vi.V(-) Keithley 2700.(7708)-113(+) ZMETER.E-2.02.white(+)

L vi.I(-) Keithley 2700.(7708)-114(-) ZMETER.E-2.03.green(-)

M vi.I(+) Keithley 2700.(7708)-114(+) ZMETER.E-2.03.white(+)

N iv.I(-) Keithley 2700.(7708)-116(-) ZMETER.E-2.04.brown(-)

P iv.I(+) Keithley 2700.(7708)-116(+) ZMETER.E-2.04.white(+)

R iii.V(-) Keithley 2700.(7708)-102(+) ZMETER.E-2.05.white(+)

S iii.I(-) Keithley 2700.(7708)-102(-) ZMETER.E-2.05.grey(-)
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Table F.9. Port E (2/2): Pin-out connections and wiring. RTD
assignment designation: RTD.I/V(±). Cable conductor designation:
CABLE.TWISTED PAIR.COLOR(±)

Pin:
VAC Connection

RTD No.
ATM Connection: ATM Cable:

T iii.I(+) Keithley 2700.(7708)-104(+) ZMETER.E-1.08.red(+)

U ii.V(+) Keithley 2700.(7708)-104(-) ZMETER.E-1.08.green(-)

V ii.V(-) Keithley 2700.(7708)-106(+) ZMETER.E-1.07.red(+)

W i.V(+) Keithley 2700.(7708)-106(-) ZMETER.E-1.07.orange(-)

X i.V(-) Keithley 2700.(7708)-110(-) ZMETER.E-1.06.blue(-)

Y viii.V(+) Keithley 2700.(7708)-110(+) ZMETER.E-1.06.red(+)

Z vii.V(+) Keithley 2700.(7708)-111(-) ZMETER.E-2.08.green(-)

a vii.V(-) Keithley 2700.(7708)-111(+) ZMETER.E-2.08.red(+)

b vi.V(+) Keithley 2700.(7708)-115(-) ZMETER.E-2.07.orange(-)

c iv.V(-) Keithley 2700.(7708)-115(+) ZMETER.E-2.07.red(+)

d iv.V(+) Keithley 2700.(7708)-103(+) ZMETER.E-2.06.red(+)

e iii.V(+) Keithley 2700.(7708)-103(-) ZMETER.E-2.06.blue(-)

f v.I(+) Keithley 2700.(7708)-108(+) ZMETER.E-1.01.white(+)

g v.I(-) Keithley 2700.(7708)-108(-) ZMETER.E-1.01.blue(-)

h v.V(-) Keithley 2700.(7708)-101(-) ZMETER.E-2.01.blue(-)

j v.V(+) Keithley 2700.(7708)-101(+) ZMETER.E-2.01.white(+)


