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ABSTRACT

Shape memory alloys (SMAS) have recently been demonstrated as effective phase
change materials for thermal energy storage owing to their ability to undergo thermally
driven reversible martensitic transformations. NiTi SMAs show excellent performance in
high heat flux and transient thermal energy storage as quantified by Lu’s figure of merit
(FOM is equal to the product of density, thermal conductivity, and latent heat of
transformation). However, NiTi SMAs are limited to transformation temperatures below
100°C, overall transformation ranges (OTR is equal to the difference between austenite
finish (Af) and martensite finish (Mr) temperatures) above 50°C, and thermal conductivity
under 18 W/m-K. In the current work, the transformation characteristics and
thermophysical properties of NiTiHf, NiTiCu, and CuZnAl SMAs were measured and
analyzed to determine their thermal energy storage performance, aiming to overcome the
limitations of NiTi. Alloys of varying composition within the NiTiHf, NiTiCu, and
CuznAl systems were fabricated, and their transformation temperatures, transformation
enthalpies, densities, and thermal conductivities were measured. NiTiHf SMAs showed
more than double the FOM value (3217 10°% J’K 's'm™) of NiTi (1478 108 J’K s 'm™)
with transformation temperatures ranging from 0 to beyond 500°C. The transformation
enthalpies of the alloys were found to be strongly correlated with composition, having a
significant effect on FOM values. NiTiCu SMAs showed Ar temperatures between -10
and 90 °C with FOM values up to 1048 10° J’K 's 'm™ and OTRs as low as 12°C. These

properties make NiTiCu alloys excellent candidates for thermal energy storage



applications requiring frequent cycling or narrow operation temperature ranges. The
thermophysical properties of the NiTiCu alloys were strongly dependent on composition,
and alloys near 50 at. % Ti showed the highest FOM values. CuZnAl SMAs achieved the
highest FOM values (up to 3463 10° J?’K's"'m™) due to their high thermal conductivities,
which ranged from 59 to 75 W/m-K. CuzZnAl alloys also showed overall transformation
ranges as low as 12°C. The NiTiHf, NiTiCu, and CuzZnAl alloy systems showed excellent
thermal energy storage performance, greatly improving upon the capabilities of NiTi

shape memory alloys and traditional phase change materials.
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1. INTRODUCTION

Phase change materials (PCMs) are widely used in thermal energy storage and
management applications due to their ability to absorb and release large amounts of
thermal energy upon phase transformation while maintaining nearly constant temperature.
Traditional PCMs such as paraffin, polymers, and salt hydrates have been implemented in
a variety of applications including building temperature regulation, battery thermal
management, and solar air and water heating [1]. For such applications, PCM performance
can be quantified by volumetric energy density (VED), given by VED = p - L, where p is
density and L is latent heat of transformation. This performance metric, which quantifies
the amount of thermal energy which can be stored within a given volume of a PCM, is
useful in many cases, however it does not account for the rate at which the thermal energy
must be stored and released. In thermal management applications where fast transient or
high-power thermal transport is required, such as in microelectronic thermal management,
VED is an insufficient metric to describe the performance of a given PCM. Recognizing
this, Lu developed a PCM figure of merit (FOM) which accounts for transient thermal
transport effects, and is given by FOM = p - L - k, where p is density, L is latent heat of
transformation, and k is thermal conductivity [2].

Unfortunately, traditional PCMs show low FOM values, typically ranging between
20 and 400 10°-J¥/K-s-m* [3], making them unsuitable for many high-power thermal
energy storage and management applications. Implementation of traditional PCMs is

further hindered by their solid-liquid phase transformation, which requires fluid



containment structures to prevent leakage of the liquid phase. However, recent work has
shown that the ability of shape memory alloys (SMAS) to undergo forward and reverse
martensitic transformation (exothermic and endothermic transformations, respectively)
allows them to function similarly to traditional PCMs, absorbing and releasing large
amounts of thermal energy while maintaining nearly constant temperature. Sharar et al.
showed NiTi SMASs to be excellent high-FOM PCM candidates, exhibiting FOM values
as high as 1478 10°.J/K-s-m* and demonstrating the ability to reduce the maximum
temperatures experienced by a system undergoing joule heating [4]. The high FOM value
observed in NiTi is attributed to its high density (6239 kg/m®) and high thermal
conductivity (17.6 W/m-K) in comparison to traditional PCMs such as paraffin, which has
low density (790 kg/m®) and low thermal conductivity (0.167 W/m-K) [3]. The solid-solid
transformations undergone by SMAs give them another advantage over traditional PCMs
by eliminating the need for fluid containment and simplifying implementation.

Despite the promising performance and advantages offered by NiTi SMAs over
traditional PCMs, NiTi suffers from its own set of limitations. First, NiTi transformation
temperatures are generally limited to 100°C and below, excluding NiTi from high
temperature thermal energy storage and management applications. For example, SiC
electronics, high electron mobility transistor (HEMT) direct-coupled field-effect transistor
(FET) logic (DCFL) integrated circuits, and microwave semiconductor devices have
maximum operation temperature ranges of 150°C, 375°C, and 700°C respectively [5-7],
requiring PCM thermal management solutions with high-temperature operation

capabilities. In addition to operation temperature limitations, NiTi SMAs are limited by



their large overall transformation ranges (OTR is defined as austenite finish temperature
minus martensite finish temperature (A+Ms)) which often exceed 50°C. This excludes
NiTi SMAs from use in thermal management applications requiring narrow operation
temperature ranges such as solid-state lasers which may be limited to operation
temperature windows as narrow as 10°C [8]. Narrow overall transformation range in
PCMs is also desirable because it allows for increased thermal cycling frequency and
therefore provides more effective thermal management. Finally, despite the large
improvement in FOM of NiTi SMAs over traditional PCMs, alternative SMA systems
may be capable of achieving even higher FOM values and greater PCM performance.
The vast potential of SMAs in thermal energy storage and management
applications, coupled with the limitations shown in NiTi SMAS, provides great motivation
to evaluate alternative SMA systems for their potentially superior PCM performance.
Currently, the PCM performances of alternative SMA systems are largely unknown as
they have not been directly studied and reported in literature, and the relevant
thermophysical material properties are scarcely reported. The current work investigates
the transformation characteristics and thermophysical properties of alternative SMA
systems in order to evaluate their potential PCM performance. Due to their ability to
achieve high transformation temperatures, NiTiHf SMAs are explored as potential PCMs
for high-temperature thermal energy storage. NiTiCu SMAs, which have been shown to
achieve overall transformation ranges much lower than those of NiTi, are investigated for

use in thermal energy storage applications which require frequent thermal cycling or



narrow operation temperature ranges. Finally, CuZnAl SMAs are studied as potential

high-thermal conductivity, high-FOM PCMs for thermal energy storage.



2. NITIHF SHAPE MEMORY ALLOYS AS PHASE CHANGE THERMAL

STORAGE MATERIALS!

2.1. Introduction

Thermal energy storage (TES) using shape memory alloys (SMAs) offers new
design, integration, and performance opportunities in a wide range of technologies. This
is particularly true for emerging electronic and photonic media [9, 10] that require high-
power and fast-transient thermal energy storage [4], not possible with traditional organic
and salt hydrate phase change materials (PCMs) [11]. Binary nickel titanium (NiTi)
SMAs have been demonstrated for this purpose, with great effect, due to their high
volumetric latent heat, approaching or often exceeding that of standard organic PCMs (225
MJ/m3[3]), highthermal  conductivity, approaching 28  Wm 'K [12],
excellent corrosion resistance [13-15], high strength and ductility [16-21], and good
formability via traditional thermomechanical processing [16, 20-23]. In contrast to solid-
liquid phase transformations, which by definition melt upon heating, solid-solid phase
transformations remain mechanically solid and self-supporting, thus eliminating the need
for encapsulation. Despite the vast potential, the narrow temperature range of operability,
generally not exceeding 100°C, and large temperature hysteresis (defined as At-Ms, where

Msand Arare martensite start and austenite finish transformation temperatures,

'Reprinted with permission from “NiTiHf shape memory alloys as phase change thermal storage
materials” by N. Hite, D.J. Sharar, W. Trehern, T. Umale, K.C. Atli, A.A. Wilson, A.C. Leff, I. Karaman,
2021. Acta Materialia, 218, 117175, Copyright 2021 by Elsevier Ltd.
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respectively), often exceeding 30°C, has disqualified NiTi SMAs from many specific
technology spaces. For example, emerging laser diodes may require forward and reverse
transformations in the span of 10°C or less [8] and SiC electronics routinely operate at
temperatures exceeding 150°C, as is the case for electric vehicle-based devices [24].
AlGaN and GaN high electron mobility transistor (HEMT) direct-coupled field-effect
transistor (FET) logic (DCFL) integrated circuits have been shown to operate at as high
as 375°C [6], and emerging microwave semiconductor devices fabricated out of Si, GaAs,
4H-SiC, and GaN have maximum operation temperatures ranging from 300 to 700°C [7],
requiring thermal energy storage solutions which function well above the 100°C limitation
of NiTi.

Previous studies in the literature have demonstrated that transformation
temperatures and functional properties of NiTi can be tailored by alloying with Hf, Pd, Pt,
Au, and Zr for high temperature operations up to 500°C [25-37]. With these alloy systems,
it is anticipated that SMAs could be utilized in a broader range of applications and designs
than experimentally validated for NiTi alone. NiTiHf was selected for this study due to its
high temperature operation capability. Moreover, with a relatively low thermal hysteresis
in some compositions [38], NiTiHf demonstrates high density and transformation
enthalpy, making it a candidate PCM with potentially high figure of merit (FOM). In the
present study, the FOM used is the one derived by Lu [2], which solves the Neumann-
Stefan problem for melting of a semi-infinite material. The general form is FOM =k - L -
p, where K is the high temperature phase (austenite or liquid) thermal conductivity, L is

the latent heat of transformation, and p is the density of the high temperature phase, as
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described by Shamberger [39] and Shao et al. [40]. A high value of FOM is desirable for
PCMs because it represents a material's ability to rapidly store and release large quantities
of thermal energy in a small volume. L-p defines the volumetric energy storage capacity,
while k determines the rate at which thermal energy can travel from the heat source,
through the transformed material, i.e. austenite, to the phase front within the PCM. FOM
applies to any material exhibiting endothermic phase transitions upon heating and has
recently been used to demonstrate the superiority of SMAs for high power (or short time-
response) thermal energy storage applications. While typically not explicitly reported,
these material properties are important in standard use cases of materials exhibiting
reversible martensitic transformations (such as shape memory actuation and elastocaloric
cooling). Optimization for these uses requires careful consideration of thermal
conductivity and heat capacity to control work input, cooling work, and thermal time
constant. Therefore, FOM and constituent properties are good indicators of the behavior
of materials exhibiting reversible martensitic transformations.

Beyond FOM, NiTiHf alloys exhibit clear trends in transformation temperatures
with changing composition [38, 41], making them tunable to specific PCM applications
through composition control. Umale et al. [38] mapped the martensite start (Ms)
temperature and thermal hysteresis values of NiTiHf alloys for Ni contents between 49.8
at. % and 51.2 at. % and Hf contents between 0 at. % and 30 at.%. The results showed that
the sensitivity of Mstemperature to changes in composition can be approximated as
360°C/at. % for Ni (calculated as the slope of the line connecting the Ms temperatures of

Niso.3Ti20.7Hf20 and Nisi TizgHf20) in NiTiHf2 alloys and 15°C/at. % for Hf (calculated as
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the slope of the line connecting the Ms temperatures of Niso.3Tias7Hfs and Niso 3Tiza.7Hf2s)
in Niso.3TiHf alloys, for example. Although the sensitivity of transformation temperatures
to composition is not constant with respect to composition, the data can be interpolated to
achieve NiTiHf compositions with any desired Ms temperature between 0 and 500°C. In
the same study, thermal hysteresis was found to be strongly correlated with Hf content,
increasing between 0 at. % and 10 at. % Hf, decreasing between 10 at. % and 20 at. % Hf,
and increasing between 20 at. % and 30 at. % Hf.

In the present work, select NiTiHf compositions from the work of Umale
et al. [38] are examined in order to determine their potential as high-temperature solid-
solid PCMs. One of the goals of this study is to determine their thermophysical
properties such as thermal conductivity, transformation enthalpy, density, and thermal
hysteresis that are paramount in TES applications, but generally overlooked in previous
studies on many SMAs, in particular, thermal conductivity. The present work is expected
to advance the state of TES technology by extending the temperature range of SMA TES
applications and demonstrating improved SMA PCM performance. Furthermore, the work
herein is expected to provide a new impetus for the SMA community to pay closer
attention to thermal transport properties of SMAs, which are mostly overlooked and not
widely reported, despite the fact that they are quite critical in applications at the device

and system level.
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2.2. Experimental Procedures
2.2.1. Material synthesis and sample preparation

NiTiHf alloys with varying compositions were fabricated using arc-melting of pure
elements under argon. The samples were flipped and re-melted six times followed by
solution heat treatment under argon atmosphere at 1050°C for 2 h to ensure
chemical homogeneity. All samples were quenched in water at room temperature
immediately following the heat treatment. From each sample, 3 mm diameter and 1 mm
thick discs were cut using wire electrical discharge machining (wire-EDM) for differential
scanning calorimetry (DSC) analysis. Based on the measured transformation
temperatures, thermal hysteresis, and transformation enthalpy of these samples,
Niso.3Tize7Hf20 (at. %) was chosen and fabricated in larger dimensions for
thermal diffusivity measurements (in the form of a cylindrical rod with 31.75 mm
diameter). In order to best demonstrate the PCM performance of NiTiHf, the selection
criteria for the composition of the bulk alloy included maximum transformation enthalpy
with an austenite finish (Af) temperature above 200°C and thermal hysteresis below 40°C.
The bulk alloy was fabricated using vacuum induction skull melting followed by hot
extrusion at 900°C (with a 6:1 area reduction) and solution heat treatment at 900°C for 1
h. From the bulk sample, 8 mm diameter and 1 to 2 mm thick discs were wire-EDM cut

for laser flash thermal diffusivity analysis.
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2.2.2. Density Measurements
Archimedes’ method was used to measure the density of NiTiHf samples of
varying composition. Samples were weighed both in air and while submerged in water of

a known temperature. Using these two measurements, the density of each sample was

calculated as p = py, * WW%W, where p is the density of the sample being measured, pw IS

the density of water at the measured temperature, w, is the weight of the sample in air, and
W is the weight of the sample measured while submerged in water.
Measurement of transformation temperatures and thermophysical properties

The transformation temperatures and the enthalpy of transformation of all NiTiHf
compositions, as well as the specific heat capacity of the bulk NiTiHf alloy as a function
of temperature, were measured using a TA Instruments Q2000 differential
scanning calorimeter. For transformation temperature and transformation enthalpy
measurements, each sample underwent two heating/cooling cycles between -150°C and
400°C at a rate of 10°C/min. In accordance with the ASTM F2004 standard [42],
martensite finish (My), M;, austenite start (As) and Ay transformation temperatures were
determined by the intercept method whereby tangent lines are drawn parallel to the
baseline and transformation peak slopes. The temperature at which the transformation
slope tangent and baseline tangent intersect is considered to be the transformation
temperature. For compositions which transformed above 400°C, a TA Instruments SDT
Q600 DSC/TGA machine was used to measure differential heat flow up to 700°C at a rate
of 10°C/min in order to discern transformation temperatures. The thermal hysteresis of

each sample was calculated as the difference between its As and M, temperatures. Enthalpy
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of transformation was determined by integrating the heat flow under the transformation
peak with respect to time. Specific heat capacity was measured during a single heating
cycle from -150 to 400°C with a heating rate of 10°C/min. The thermal diffusivity of the
bulk NiTiHf samples was measured using a TA Instruments DXF 200 high-speed Xenon-
pulse delivery source and solid-state PIN detector. Measurements were taken at
approximately 50°C temperature intervals from -150 to 150°C, with smaller temperature
intervals used within the transformation range of 150 to 215°C. Using a similar
temperature interval scheme, the measurements were repeated during cooling from 215 to
-150°C. Thermal conductivity, k was then calculated as k = a - p - ¢,, where o is thermal
diffusivity, p is density, and c, is specific heat capacity. Due to the limited temperature
range of the TA Instruments DXF 200, the number of candidate alloys for thermal
conductivity measurement in the austenite phase was limited. Because the thermal
conductivity of the austenite phase is used in calculating the FOM, alloys with
As temperatures above the upper temperature limit of the instrument could not be

considered for thermal conductivity measurement.

2.3. Results and Discussion

From among the 33 previously studied NiTiHf alloys [38] with known
transformation temperatures, 10 compositions were chosen for thermophysical
property evaluation (Table 2.1). These compositions were selected to represent a wide
range of Ni and Hf contents, transformation temperatures, transformation enthalpies, and

thermal hysteresis values. The bulk alloy composition (nominally Nisg3Tize7Hf20) was
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chosen based on the high transformation temperature, high transformation enthalpy, and

low thermal hysteresis criteria as previously described.

Table 2.1. Fabrication method, composition, transformation temperatures [38],
exothermic enthalpy of transformation, and thermal hysteresis for NiTiHf alloys of
varying compositions. The compositions are nominal, based on the molar ratio of pure
elements added to the melt. For the induction melted sample, the composition as measured
by ICP-AES (inductively coupled plasma atomic emission spectroscopy) is listed in
parentheses below the nominal composition. Transformation temperatures and

transformation enthalpies are measured through DSC.

. ” Enthalpy A-M  Hysteresis
Fabrication Composition (at. %0) Mg (°C) M; (°C)  As(°C) A¢ (°C)

(J/g) (°C)
Niso 3 Tizs7Hf15 105 144 158 184 22.6 40
Niso.3Ti2e7Hf20 238 258 274 289 325 31
Niso3Tiza7Hf25 265 345 333 440 20.1 95
Niso.3Ti107Hf30 413 487 583 622 12.2 135
Arc Melted Niso 7 Tiz43Hf1s -18 26 41 76 7.2 50
Niso.7Ti293Hf20 98 142 133 170 16.1 28
Niso.7 Ti243Hf25 214 263 274 334 16.3 71
Nis; TizgHf20 -13 3 36 52 6.6 49
Nis; TipsHf25 74 92 109 124 9.1 32
Nis1 2 Ti1ggHf30 106 140 136 162 144 22
Induction Nis.3Tize7HF20
Melted (Niso.gTizgsHF104) 128 163 172 193 18.7 30

12


https://www-sciencedirect-com.srv-proxy2.library.tamu.edu/topics/physics-and-astronomy/hysteresis
https://www-sciencedirect-com.srv-proxy2.library.tamu.edu/topics/physics-and-astronomy/differential-scanning-calorimetry

2.3.1. Density

The effect of compositional variation on the density of NiTiHf SMAs was
considered. Since the variation in Ni content was low (less than 1 at. %) in the alloys
studied (Table 2.1), measured density values did not differ significantly. However, the Hf
content variation from 15 at. % to 30 at. % showed a measurable influence on the density
of the alloys (Fig. 1). As expected, density shows a linearly increasing trend with
increasing Hf content; this can be attributed to the high density of Hf (13.31 g/cm?®) in
comparison to Ni and Ti (8.90 and 4.54 g/cm?, respectively). The trend in density can be
approximated by a linear regression model (black dashed line) given by: p = 141 - Hf +
6062, where p is density in kg/m®and Hf is hafnium content in at.%. Inputting a Hf
content of zero into the regression model yields a predicted density for binary NiTi of
6062 kg/m3. This density prediction for binary NiTi agrees with measured literature values
[4, 43] to within 3 - 6%, indicating that the fidelity of this regression model extends to
lower Hf percentages than those studied here. Therefore, this model can be used as a tool
to predict the density of the compositions from NiTi to NiTiHf3o with reasonable accuracy.
The density difference between the most and least dense NiTiHf alloys measured is 30%,
suggesting that increasing Hf content should have a measurable impact on the FOM
through density increase. However, the effects of varying thermal conductivity and

enthalpy of transformation on the FOM of NiTiHf alloys must also be considered.
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Fig. 2.1. Density of NiTiHf alloys (measured by Archimedes’ method) as a function of Hf
content. The dashed line represents a linear regression fit to the data, yielding a prediction
equation given by: p=141.Hf + 6062, where p is density in kg/mdand Hf

is hafnium content in at. %.

2.3.2. Transformation Enthalpy and Thermal Hysteresis

The enthalpy of transformation values of the 11 studied samples are listed in Table
2.1. The measured NiTiHf transformation enthalpy values (endothermic) range from 6.6
to 32.5 J/g (corresponding to Nisi TizeHf20 and Niso.3Ti2e.7Hf20, respectively) and have an
average value of 16.0 J/g. This wide range in transformation enthalpies, wherein the
largest value is nearly 5 times the smallest value, indicates that transformation enthalpy
variation in NiTiHf alloys has a much greater influence on the FOM value than density

variation (the highest density value is only 1.3 times the lowest value). Because of this
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significant influence of transformation enthalpy on the FOM, it is important to understand
the relationship between chemical composition and transformation enthalpy so that high-
FOM compositions can be targeted.

Fig. 2.2 illustrates the relationship between transformation enthalpy and
composition in solution heat treated NiTiHf alloys with the thermal hysteresis of each
alloy denoted by the color of its corresponding marker. For near equiatomic NiTi, it is
well-known that increasing Ni content produces decreasing transformation enthalpy [25].
This decrease is attributed to the stabilization of B2 phase with increasing Ni antisite
defects and the reduction of the monoclinic angle B, the latter bringing about an increased
crystallographic compatibility between the transforming phases [25]. NiTiHf follows this
trend for compositions with Hf content of 25 at. % or less as shown by the constant Ni
content curves. This trend does not hold for compositions with 30 at. % Hf, possibly due
to the formation of H-phase particles within the matrix, even with relatively fast water

quenching after solution heat treatment [38].
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Fig. 2.2. Transformation enthalpies of solution heat treated NiTiHf shape memory alloys
are plotted as a function of hafnium content. Each data series, denoted by marker shape,
represents alloys of constant Ni content as indicated in the legend. The data point
representing the arc-melted Niso.3Tize7Hf2o alloy is circled in red. Thermal hysteresis

values as reported by Umale et al. [38] are denoted by the color of each maker.

Transformation enthalpies and thermal hysteresis of NiTiHf alloys show strong
dependence on Hf content. Hf content dependence of transformation enthalpy
demonstrates an inverse relationship to the Hf content dependence of thermal hysteresis.
As small amounts of Hf are added to binary NiTi, Hf substitutional defects cause local
lattice distortions which create barriers to martensitic transformation. This is reflected in
the decreasing transformation enthalpy and increasing thermal hysteresis between 0 at. %

and 10 at. % Hf. As Hf content is increased beyond 10 at. %, the increasing unit cell
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volume mitigates the local lattice distortions, resulting in decreasing thermal hysteresis
and increasing transformation enthalpy between 10 at. % and 20 at. % Hf. The increasing
unit cell volume may also result in increased compatibility between the martensite and
austenite phases which contributes to lowering thermal hysteresis as has been shown in
NiTiHf alloys [30] and NiTi alloys [44]. Above 20 at. % Hf, where there is a local
minimum in hysteresis and a local maximum in transformation enthalpy, transformation
enthalpy decreases and hysteresis increases significantly upon further Hf addition.
Although the reason for this increase in transformation hysteresis is not clear, it may be
influenced by the formation of Hf oxides or carbides, formation of H-phase particles even
after solution heat treatment and water quenching due to the fast nucleation kinetics [30,
45, 46], and/or strain glass formation at higher Ni contents resulting from large amounts
of Hf addition [46].

The strong influence of transformation enthalpies on the FOM of NiTiHf alloys
makes this transformation enthalpy map vital in selecting high-FOM NiTiHf alloys. Due
to the high transformation enthalpies of NisggTiHfo-20 and NisoTiHfo-20, these alloys are
expected to exhibit high FOM. The observed relationship between NiTiHf composition
and thermal hysteresis allows for selection of low-hysteresis NiTiHf compositions;
although thermal hysteresis is not a factor in the FOM, a low value is often necessary or

advantageous in TES applications as previously discussed.
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2.3.3. Alloy Selection for Thermal Conductivity Measurements

The trends in transformation temperature, thermal hysteresis, transformation
enthalpy, and density were considered in order to select a NiTiHf alloy composition for
bulk fabrication and thermal conductivity measurement. Of the NiTiHf transformation
enthalpies measured in this work, Niso3Ti2g7Hf20 demonstrates one of the highest values
at 32.5 J/g, making it an attractive alloy for TES applications. This composition also
exhibits one of the lowest thermal hysteresis with 31°C and demonstrates high-
temperature transformation with an Aftemperature of 289°C. Due to its high
transformation temperature, low thermal hysteresis, and high enthalpy of transformation
combination, Nisg3Tizg7Hf20 was determined to be the most promising composition for
the high-temperature TES applications, and a bulk sample was fabricated for further
analysis. NisggTizs2Hf2s was also considered for bulk fabrication due to its high
transformation enthalpy, however it was eliminated due to its higher thermal hysteresis
and likely poor cyclic stability as has been shown in stoichiometric and Ni-lean NiTiHf
compositions [47, 48].

The Aftemperature of the bulk sample was determined to be 193°C
using DSC measurements, which is 96°C lower than the Ar temperature of the arc-melted
sample of the same nominal composition. This discrepancy indicates a difference in true
composition between the samples. The arc-melted sample was measured to have a mass
loss of less than 0.1 % after melting and is therefore considered to be accurate in its
nominal composition. When compared with the arc-melted sample of composition

Niso.3Ti20.7Hf20, the lower transformation temperature of the bulk sample indicates that its
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true composition is 0.3 at. % to 0.4 at. % higher in Ni content compared to its nominal
composition. This deviation between the nominal and true compositions was confirmed
by ICP-AES (inductively coupled plasma atomic emission spectroscopy) composition
analysis, which yielded a composition of NisogTizeeHf10.4 (the remaining 0.2 % is

composed of trace amounts of C, N, O, and Zr).

2.3.4. Specific Heat Capacity and Thermal Conductivity

In order to determine the FOM of the bulk sample, the thermal diffusivity and
specific heat capacity (from which thermal conductivity is calculated) were measured. The
specific heat capacity values of the bulk Niso3Ti2g07Hf20 Sample as measured by DSC are
plotted against temperature in Fig. 2.3. Specific heat capacity slowly increases as
temperature increases, followed by a large spike during the transformation. The spike in
measured specific heat capacity is attributed to the entropy change during reverse
martensitic transformation and is therefore not representative of the true specific heat
capacity within the transformation temperature range [49]. After transforming to
austenite, the specific heat capacity returned to its pre-transformation level and
subsequently decreased slowly as temperature was increased further. This behavior agrees

with the trend in specific heat capacity reported in binary NiTi SMA by Cheng et al. [50].
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Fig. 2.3. Specific heat capacity and thermal conductivity of Niso3Tixg7Hf20 SMA as a
function of temperature. Specific heat capacity was measured through DSC and thermal
conductivity was calculated from specific heat capacity, density, and thermal diffusivity
as measured using laser flash thermal diffusivity method. Measured thermal conductivity
data points are represented by circular markers; the red and blue connecting lines serve to

guide the eye and do not represent measured data.

The thermal diffusivity of the bulk NiTiHf alloy as measured by laser flash thermal
diffusivity analysis was multiplied by the corresponding density and specific heat capacity
values to obtain thermal conductivity as a function of temperature (Fig. 2.3). Upon
heating, the thermal conductivity of Niso3Ti2e7Hf20 increased nearly linearly from a value
of 5.32 Wm'K™! at -150°C to a value of 8.38 Wm 'K™! at 154°C, just before reverse

martensitic transformation. As the material underwent reverse transformation, thermal
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conductivity dipped slightly before rapidly increasing to 12.05 Wm™'K™! at 194°C. Upon
further heating to 208°C, the thermal conductivity reduced slightly, resulting in a thermal
conductivity of 11.19 Wm 'K ! in the austenite phase. The thermal conductivity peak
associated with the reverse martensitic transformation has also been observed in NiTi,
NiTiCu, and NiTiFe SMAs and is hypothesized to be a result of phonon mode softening
taking place during the transformation [51, 52]. Upon cooling through martensitic
transformation, thermal conductivity displayed thermal hysteresis with higher values
during the forward martensitic transformation than during reverse transformation, except
the peak at 194°C. Outside of the transformation range, thermal conductivity values
measured at a given temperature were similar, regardless of whether the sample was

undergoing heating or cooling.

2.3.5. Figure of Merit (FOM)

FOM values were obtained for NiTiHf alloys of varying composition as the
product of measured density, latent heat of transformation and thermal conductivity
values. The thermal conductivity value of the bulk Niso3Ti2g.7Hf20 sample in the high-
temperature phase (11.19 Wm™'K™") was assumed for all NiTiHf compositions as an
approximation in calculating the FOM values. This was because of the insufficient sample
sizes of the arc melted buttons for the thermal diffusivity measurements and difficulty of
achieving target compositions in larger induction melted samples. In Fig. 2.4(a), FOM
values are plotted as a function of transformation temperature (Ar temperature for SMAS),

comparing the performance of NiTiHf against NiTi [4] and a range of traditional solid-
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solid, solid-liquid, and composite PCMs [53-62]. Due to its relatively high thermal
conductivity and density, NiTiHf outperforms traditional PCMs in terms of FOM by an
order of magnitude. Between transformation temperatures of 0 and 400°C, traditional
PCMs have FOM values ranging between 40 and 350 while NiTiHf ranges between 500
and 3300 (10%J?K's"'m™). FOM values as high as 800 have been achieved in composite
PCMs composed of an organic PCM matrix and a thermally conductive dispersed
phase [59-62], however composite fabrication and containment of the liquid phase remain
as challenges. InFig. 2.4(b), volumetric energy storage density is plotted against
transformation temperature for NiTiHf, NiTi, and various existing PCMs. The high
density and relatively low transformation enthalpy of NiTiHf SMAs result in
volumetric energy density values comparable to, but not exceeding those of traditional
solid-liquid, solid-solid, and composite PCMs. The primary merit of NiTiHf SMAs as
PCMs therefore lies in their solid-solid transformation and high performance in high-
power thermal energy storage applications as indicated by their exceptional FOM values.
Binary NiTi was shown to have comparable FOM value to some NiTiHf compositions,
however NiTiHf is capable of transforming well beyond the 100°C limit which bounds
NiTi transformation, and it therefore populates previously empty regions of FOM vs.
transformation temperature space. High FOM combined with high and wide-ranging
transformation temperatures make NiTiHf an excellent solid-solid PCM candidate for

high-temperature applications.
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Fig. 2.4. (a) Figure of Merit (FOM) is plotted against transformation temperature, and (b)
volumetric energy density is plotted against transformation temperature for NiTi and
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medium green

Niso.3Ti2g7Hf20,

measured thermal conductivity, density, and enthalpy of transformation. Dark green
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marker indicates the bulk NiTiHf composition (nominal composition:

measured composition: Niso.gTize.eHf19.4) with FOM calculated from the
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markers represent NiTiHf alloys with FOM calculated based on the thermal conductivity
estimated to be equal to that of Niso3Ti20.7Hf20, and the measured density, and enthalpy of
transformation. The data point representing the arc-melted Niso3Tizg7Hf20 sample is

circled in red.

Fig. 2.5 is a plot of FOM values against thermal hysteresis for NiTiHf alloys. The
FOM values for equiatomic NiTi SMA, traditional solid-solid PCMs, and composite
PCMs are also included for comparison purposes [4, 56-62]. Corresponding
Ms temperatures are represented by the colors of the markers. An ideal PCM is
characterized by minimal hysteresis and maximum FOM value, thus the most desirable
PCMs are located nearest the upper left-hand corner of the plot. Although NiTi achieves
a FOM nearly double that of composite PCMs, its 40°C hysteresis presents a drawback in
comparison to the 6-33°C hysteresis of traditional solid-solid and composite PCMs.
However, NiTiHf SMAs improve upon the PCM performance of NiTi, demonstrating both
lower hysteresis and higher FOM. Of the 11 NiTiHf alloys studied, 5 alloys achieve lower
thermal hysteresis, and 7 alloys achieve higher FOM values compared to NiTi. Due to its
large latent heat of transformation, Niso3Tiz07Hf20 demonstrates the highest FOM value
of 3217 x 10°% J’K™'s"'m™ which is 118% higher than the measured FOM value of NiTi:
1478 102K 's'm™ [4]. Nis12Ti1ssHf30 registered the lowest thermal hysteresis of the
NiTiHf alloys at 22°C and possesses a relatively high FOM value of 1629 10%J?K's 'm™.
As shown in the upper left-hand corner of Fig. 2.5, 5 NiTiHf alloys exhibit both higher

FOM and equal or lower thermal hysteresis as compared to binary NiTi (Niso.3Tizs7Hf1s,
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Niso3Tizo.7Hf20, Niso.7Tizo3Hf20, Nisi2TizssHfz0, and Niso.sTizesHf19.4 (bulk alloy,

measured composition)).
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Fig. 2.5. Figure of merit (FOM) is plotted against thermal hysteresis of binary NiTi [4],
NiTiHf alloys of varying composition, and existing PCMs [56-62]. Ms temperatures are
indicated by the color of each marker. The data point corresponding to Niso3Tize7Hf20 is
circled in red. Thermal hysteresis of the binary NiTi alloy was not reported in [4], and was
therefore estimated based on the measured thermal hysteresis of a NiTi alloy of similar

transformation temperatures [63].

25



2.4. Summary and Conclusions

NiTiHf shape memory alloys demonstrate considerable promise as high-
temperature solid-solid PCMs. The well-mapped relationship between composition and
transformation temperatures enables tunability of NiTiHf alloys to specific TES
applications including those with operation temperature requirements well in excess of the
100°C limitation of binary NiTi. In terms of PCM performance, NiTiHf shows FOM
values up to 10 times the values displayed by traditional PCMs (hydrated salts, organics,
inorganics, and other commercially available PCMs), populating previously empty
regions of hysteresis—-FOM-space and transformation—temperature-FOM-space. NiTiHf
alloys improve upon the recent establishment of NiTi SMA as an effective PCM by
demonstrating lower hysteresis, higher temperature capability, and more than double the
FOM value of binary NiTi. Furthermore, the trends in the density and transformation
enthalpy of NiTiHf with respect to composition allow for further tuning and optimization
of FOM values in NiTiHf alloys. Although NiTiHf alloys yield significant improvements
in FOM and transformation temperatures compared to NiTi, improvements in thermal
hysteresis are modest, and therefore in future works, alternative SMA systems should be
studied in search of alloys demonstrating high FOM combined with even lower thermal
hysteresis. After promising alloy systems are identified, understanding the influence of
composition and thermomechanical processing on thermophysical properties of SMA

PCM candidates will allow for optimization of PCM performance within alloy systems.
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3. IDENTIFICATION AND DESIGN OF NITICU SHAPE MEMORY ALLOYS
WITH SMALL OVERALL TRANSFORMATION RANGE FOR PHASE CHANGE

MATERIAL APPLICATIONS

3.1. Introduction

Shape memory alloys (SMAS) have recently been demonstrated as effective solid-
solid phase change materials (PCMs) in thermal energy storage and thermal management
applications [4, 10, 64]. The endothermic reverse martensitic transformation of SMAs
allows them to function similarly to traditional solid-liquid PCMs, absorbing large
amounts of heat while maintaining nearly constant temperature. This is demonstrated in
Fig. 3.1 which depicts a characteristic heat flow vs. temperature curve of a PCM
undergoing melting and recrystallization, or equivalently, an SMA undergoing reverse and
forward martensitic transformation in an example thermal management application. At
Step 1, the system operates at steady state, with the waste heat from the electronic chip
being dissipated by conduction through the PCM/SMA and subsequently by convection
to the surrounding air. When the power supplied to the chip is increased during Step 2,
heat flow into the PCM/SMA is increased, causing it to undergo sensible heating. At the
beginning of Step 3, the PCM reaches its melting onset temperature (austenite start
temperature — As — for SMAs) and the rate of the temperature increase decreases
significantly due to the latent heat absorbed by the PCM (often referred to as
transformation enthalpy within the context of SMASs). As the PCM continues to absorb

heat from the electronic chip, its temperature remains relatively constant until the latent



heat is exhausted and the melting endpoint temperature (austenite finish temperature — As
— for SMAS) is reached. At this point, a traditional PCM is fully in the liquid phase, and a
SMA is fully in the austenite phase. During Step 4, the power supplied to the chip is
reduced to its baseline level, allowing the PCM/SMA to cool sensibly until it reaches its
crystallization onset temperature (martensite start temperature — Ms — for SMAS). As the
PCM continues to transfer its stored thermal energy to the surroundings, it reaches its
martensitic crystallization endpoint temperature (martensite finish temperature — M¢ — for
SMAs), “resetting” the phase transformation. At this point, a traditional PCM has fully
transformed back to the solid phase, and a SMA has fully transformed back to the
martensite phase. The chip can then operate at steady state until high-power operation is
again needed, at which time the cycle is repeated. In this way, PCM/SMASs can be used to
reduce maximum temperatures experienced during power spikes as shown in the inset in

the corner of Fig. 3.1, and as demonstrated experimentally by Sharar et al.[4]
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Fig. 3.1. Representative heat flow vs. temperature curve, shown as if measured by
differential scanning calorimetry, illustrating typical behavior of PCMs undergoing
melting and recrystallization, or equivalently, SMAs undergoing reverse and forward
martensitic transformation in a thermal management application. PCM transformation
temperatures are labeled with typical nomenclature, and equivalent corresponding
transformation temperatures of SMAs are labeled in parenthesis. The effect of thermal
management via PCM/SMA implementation on system temperature is represented in the

inset at top-right.
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Traditional organic and inorganic PCMs have been used in many thermal energy
storage (TES) and thermal management applications including building temperature
regulation, solar air and water heating systems, battery thermal management, space
applications, and microelectronic thermal management [1]. Despite the many uses of
traditional PCMs, their low thermal conductivity, typically 0.1-0.7 W/m-K [3], limits their
use in applications where fast transient thermal transport is required (for example,
microelectronic thermal management as depicted in Fig. 3.1). By comparison, SMAs have
thermal conductivity values 1-2 orders of magnitude greater than traditional PCMs,
making them good candidates for such applications. In order to identify the optimal PCM
for fast transient thermal management applications, Lu derived a figure of merit (FOM)
which quantifies the ability of a PCM to absorb a heat pulse as FOM = p - L - k, where p
is density, L is latent heat of transformation, and k is thermal conductivity [2]. It has been
shown that NiTi [4] and NiTiHf [64] SMAs, in part due to their relatively high thermal
conductivities, have FOM values an order of magnitude greater than those of traditional
PCMs, making SMAs preferable in high-heat flux thermal management and thermal
storage applications. Furthermore, in contrast to traditional PCMs such as salt hydrates,
polymers, paraffin, and other organics, SMAs remain solid throughout their
transformation, eliminating the need for fluid containment as is necessary for traditional
solid-liquid PCMs. In recent works, the thermal conductivities of traditional PCMs have
been increased by adding a conductive dispersed phase [59-62], however the FOM values
of these composite PCMs are typically less than 800 10%-J%/K-s-m* [59-62] compared to

SMAs which have FOM values ranging up to 3200 108-J%/K-s-m* [4, 10, 64]. The
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implementation of composite PCMs is further hindered by difficult fabrication procedures
and the need for containment of the liquid phase which adds size and weight to the system
which does not directly contribute to the thermal energy storage process. Traditional solid-
solid PCMs show even lower FOM values, typically less than 140 108.J%/K-s-m* [3].
Despite the advantages provided by the high FOM values and solid-solid
transformations of NiTi and NiTiHf SMAs, both alloys have large overall transformation
range (OTR, given by Ar-Mg) in excess of 50°C, excluding them from some applications
[64, 65]. As an example, some solid-state lasers may be limited to operation temperature
ranges as narrow as 10°C, and therefore corresponding PCM thermal management
solutions must undergo full forward and reverse transformations within these narrow
temperature windows [8]. Regardless of application temperature range requirements,
lower OTRs in PCMs are preferable because they allow for increased thermal cycling
frequency and therefore a higher number of heat pulses can be absorbed within a given
length of time. Low OTRs are especially important in SMAs in thermal cycling
applications, as observed latent heat is maximized with complete austenite and martensite
transformation. Furthermore, the temperature memory of SMAs degrades with partial
cycling, which could lead the operating temperature of the SMA to shift outside of the
objective temperature range [66, 67]. Thus, in order to optimize a SMA for thermal storage
and management applications, minimization of the OTR is necessary to ensure
transformation is completed within the application temperature constraints. Therefore, an
evaluation of the material parameters affecting OTR and transformation temperatures is

needed.
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While OTR in SMAs is a function of frictional resistance to interfacial motion
similar to thermal hysteresis, it is also a function of the elastic strain energy stored during
martensitic transformation and its dissipation [68]. By reducing the density of defects in
an SMA, the frictional resistance to motion of transforming phases can be decreased. To
minimize the dissipation of the stored elastic strain energy, the crystallographic
compatibility between martensite and austenite phases must be improved [69]. Based on
the geometric nonlinear theory of martensite, crystallographic compatibility can be
qualitatively described by the middle eigenvalue (A7) of the transformation stretch tensor
between austenite and martensite lattices. The closer A is to a value of 1, the better the
compatibility between the austenite-martensite interfaces during transformation and thus
the lower chance of defect formation [69-74]. Finally, reducing the amount of stored
elastic strain energy can be accomplished by reducing defect density and precipitate
coherency strains [68]. In the absence of defects such as dislocations and precipitates,
martensitic transformation is nucleation controlled, propagating instantly through the
material upon reaching critical nuclei size [75]. Chemical homogeneity throughout a
sample is also important as the transformation temperatures are sensitive to small changes
in composition [65]. Chemical homogeneity will ensure the martensitic transformation
occurs at a given temperature simultaneously throughout the entirety of the material within
a narrow temperature range.

In NiTi-based SMAs, Cu, Pd, Au, and Cr elemental additions can result in a
smaller OTR than other NiTi-based SMAs [25, 69, 71, 76-79], and of these elemental

additions, Cu and Pd have the greatest effect on minimizing the OTR [25, 74, 78-82] due
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to the enhanced crystallographic compatibility. However, the composition and processing
parameters in a given NiTi-X system can greatly affect the observed OTR. These
differences can be seen in NiTiCu alloys as shown by the adapted DSC plots from
literature in Fig. 3.2(a). Other adapted DSC plots demonstrating similar behavior in NiTi,
NiTiHf, and NiTiPd can be seen in the supplementary materials (Fig. 7.1). The offset of
martensite and austenite peaks, characterized by As-Ms, and the entire OTR, Ar-MF, is
used to determine candidate alloys, shown in Fig. 3.2(b). The smallest OTRs occur in
compositions that are capable of single step B2-B19 phase transformations (more
commonly reported in NiTiCu and NiTiPd), rather than B2-B19’ or multi-step B2-B19-
B19’ phase transformations (more commonly reported in NiTi and NiTiHf). In order to
achieve the minimum OTR, the ideal SMA would have characteristically sharp martensite
and austenite DSC peaks that have minimal peak offset, indicating both austenite and
martensite phase transformations occur rapidly with temperature change and within the
same temperature range throughout the sample. In addition to minimal amount of stored
elastic energy in an alloy, from compiled literature data shown in Figure 3.2(b), the SMA
compositions with small OTR and with positive peak offset show the greatest potential for
achieving minimal OTR. This can be achieved by reducing the peak offset through altering
composition and processing parameters. From Figure 3.2(b), the candidate alloys are
predominately NiTiCu compositions.

To this end, the present work focuses on determining and optimizing the potential
thermal energy storage application of the NiTiCu SMA system by synthesizing 24 NiTiCu

alloys, changing Ni and Cu content to investigate the effect of composition on martensitic
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transformation temperatures and the OTR in bulk material. The NiTiCu system has been
heavily studied for alloys where Ti is near or greater than 50 at.% [74, 83], however, little
has been shown for bulk NiTiCu for Ti less than 50 at.% [84]. The effect of Ni and Cu
concentration on secondary phase formation was also studied to better understand
microstructural evolution and its effect on martensitic transformation, thermophysical
properties, and PCM performance. In comparison to traditional solid-liquid PCMs, solid-
solid phase transformations in SMAs with small OTRs will offer a unique solution for

thermal energy absorption and management applications.
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Fig. 3.2. (a) Adapted DSC plots from literature for solution treated NissTisoCus (1 - Chang
et al [85]), cold rolled and annealed NisoTisoCuio (2 - Nam et al [86], 3 - Lin et al [87]),
and annealed NisoTisoCuio wire (4 — Bertacchini [88]) samples. (b) Scatter plot of OTR
versus peak offset for NiTi, NiTiHf, NiTiPd, and NiTiCu from literature [25, 38, 71, 73,

75, 89-112]. R-phase martensitic transformations are not included.

3.2. Results and Discussion

In order to evaluate the NiTiCu system for various application temperatures, 24
NiTiCu samples were synthesized using a full-factorial design of experiments to
investigate the combinatorial Niio-x-yTixCuy composition space, where X = [40, 42, 44,
46, 48, 50] and Y = [20, 22.5, 25, 30]. The compositional space explored in this study is
visualized in the ternary diagram in Fig. 3.3. The 24 alloys have high Cu content (>20

at.%), where, based on previous studies [113], the expected transformation in these alloys
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is single stage B2-B19 transformation. After fabrication and heat treatment of the 24
NiTiCu samples, the microstructures were studied in SEM. A representative
microstructure can be seen in the supplementary materials (Fig. 7.2). A second phase,
which is (Cu,Ni)2(Ti) according to the NiTiCu phase diagram [114], was only observed in
alloys where Ti<50 at.%. In addition, black precipitates were observed in SEM/EDX and
were identified to be Ti2(Ni,Cu). The composition distributions from EDX can be found

in the supplementary materials (Fig. 7.3).

Cu OTR (A.-M,)(°C)
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0\ Cu:22.5%
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Ni Content (at.%)
Fig. 3.3. NiTiCu Ternary Diagram with highlighted grid selected for testing. Red dashed
line at Cu=10 at.% and orange dashed line at Cu=20 at.% separate the composition space

into three regions, indicating preference of single stage B2-B19’ (0 < Cu at.% < 10), two
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stage B2-B19-B19’ (10 < Cu at.% < 20), and single stage B2-B19 (20 < Cu at.% <30),

martensitic transformations [113].

The DSC results of the NiTiCu samples demonstrate clear martensitic
transformation peaks (DSC for NixTizs-xCuzs shown in Fig. 3.4(a)) with excellent cyclic
stability of transformation (Fig. 3.4(b)). The NiTiCu system is known for excellent
transformation stability [105, 115-117], and the very small changes in the martensite and
austenite peaks for each cycle in this work are among the smallest reported in NiTi-based
SMAs. After 20 heating-cooling cycles, the transformation peaks of NizgTissCuzs and
Ni27TisgCuzs each shifted by only 0.06°C (measured at the midpoint of the low-
temperature slope of the austenite to martensite peak), and the alloys retained 99.6% and
99.3% of their first-cycle transformation enthalpies, respectively. For comparison,
Zarnetta et al. demonstrated the cyclic stability of NisoTiso, Niso TissCuis, and NisoTizePd11,
with the alloys showing transformation peak shifts after 20 thermal cycles of 12.5, 0.65,
and 0.39°C respectively [118] (measured in the same manner as in this study).
Niso.2Tizs.4Cu12.3Pdz.1 showed greater cyclic stability than the other alloys from the study,
with a temperature shift of 0.1°C after 80 thermal cycles [118]. The transformation
temperatures Ar and Mt and are plotted as a function of composition in Fig. 3.4(c) and Fig.
3.4(d). An initial sharp decrease in transformation temperatures is observed upon
decreasing Ti content below 50 at.%, followed by smooth descent in transformation
temperatures with further decrease in Ti content. The OTRs of these alloys are plotted in

Fig. 3.4(e) which shows a sharp increase in OTR occurring when Ni>35 at.%. The
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transformation temperatures for the third cycle from each composition can be found in

Table 3.1. The OTR, As, and Mr temperatures versus the Ni content confirmed by EDX

can be found in the supplementary materials (Fig. 7.3(c) and 7.3(d)).
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Fig. 3.4. Differential Scanning Calorimeter results for 3 heating and cooling cycles for

NixTizs-xCuzs (a) and a magnified view of the austenite to martensite peaks illustrating

excellent thermal cycling stability (b). All compositions are compared for Austenite Finish

(Ar) temperature (c), Martensite Finish (M) temperature (d), and OTR (As+M:s) (€) with

respect to Ni content for NiTiCu SMAs, colored by the Cu content.
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Table 3.1. All compositions presented in this study with the analyzed Differential
Scanning Calorimetry data for the 3™ thermal cycle. This includes transformation
temperatures, peak offset (As-Ms), OTR (A+My), and the latent heat of transformation for

martensite to austenite (AHwa) and austenite to martensite (AHawm).

Ni Ti Cu M+ Mp Ms As Ap At As- At | AHwva | AHam
Ms Mf

300 400 300f 116 | 159 | 223 188 | 22,6 | 303 | -3.5| 18.7 4.0 3.9
280 420 300f 253 | 280 | 311 309 336|384 -02( 131 5.6 5.4
26.0 | 440 300} 274 | 333 | 356 | 345 37.7| 415| -11| 141 6.8 6.6
240 46.0 [ 30.0) 30.0| 365 | 386 | 38.6 | 40.3| 42.2 0] 122 8.8 9.5
220 48.0 | 30.0| 364 | 405 | 442 428 | 453|501 -14 | 137 12.0 12.4
200 500 300§ 765| 811 | 838 836 | 856|887 -02| 122 15.5 15.4
35.0| 400 250 -128 | 96| -42]| -21 06 75 21203 3.5 3.7
33.0 | 42.0 [ 25.0 4.5 79| 117 ] 141 | 16.6 | 22.9 241 184 5.6 5.5
310 440 250 152 | 176 | 208 | 223 | 249 308 15| 157 7.5 7.5
29.0 | 46.0 | 25.0 ) 242 | 274 | 29.7 | 313 | 33.8] 388 16| 146 9.1 9.0
27.0 | 48.0 25.0 ) 26.2 | 308 | 327 | 349 | 37.2] 419 22 | 15.7 11.6 11.6
250 500 250 702 | 755 | 776 | 79.5| 815 ]| 854 191 152 14.6 14.6
375|400 225 -306 | -24.1 | -45| -189 | -124| 6.2 | -144 | 36.8 2.6 2.8
355|420 225}y -86| -55]| -08 1.6 441 10.8 241194 5.2 53
335 | 44.0 | 225 65| 121 | 140 | 142 | 174 | 23.2 0.2 | 16.7 6.7 6.7
315 46.0 225 182 | 214 | 245 261 | 293 | 348 16| 16.6 8.8 8.6
295 48.0( 225 230 | 268 | 286 | 315]| 335] 357 29 | 12.7 10.6 10.8
2751500 (225} 731| 779 | 803 | 81L5| 83.7 ] 86.6 12| 136 16.7 16.7
40.0 | 400 | 200 623 | -47.1 | -22.2 | -494 | -30.7 | -8.1 | -27.2 | 54.2 3.2 2.9
38.0| 420 200 -256 | -20.8 | -121 | -135( -89 | 07| -14| 263 4.8 5.0
36.0 | 440 200 -46| -16 4.7 45 841161 | -0.2] 20.7 6.8 6.8
34.0 | 46.0 [ 20.0 69| 128 | 175 | 161 | 213|284 | -14] 215 9.3 9.1
320 480 200 172 | 20.7 | 233 | 263 | 28.8| 344 3172 11.9 11.9

30.0 ) 50.0 | 200} 70.3| 755| 783 79.1| 825 | 85.2 08| 149 ] 16.7 16.4
Composition is in at.%, Transformation Temperatures are in °C, and Latent Heat of Transformation is in J/g.
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The slow cooling rate after homogenization likely contributed to the small OTR in
the NiTiCu samples. It has been shown in both NiTi-based [119] and Cu-based [120]
SMAs that thermal hysteresis is dependent on quench media, with rapid cooling rates
yielding an increase in defect generation and an increase in thermal hysteresis, and thus
OTR. In a high-throughput study on thin film NiTiCu alloys, Zarnetta et al. [80] reported
that thermal hysteresis had a negative correlation with annealing temperature, with the
smallest resulting OTR in the TisoNisoxCux Stoichiometric compositions at an annealing
temperature of 700°C. They reported that the coarsening of precipitate phases such as Ti-
rich and (Ni, Cu)-rich phases were responsible for the observed decrease in thermal
hysteresis. However, they only reported heat treatments of up to 700°C for 1 h. The high
temperature homogenization treatment used in this study (925°C) as well as longer
treatment time (48 h) likely resulted in coarser precipitates, reducing the amount of stored
elastic energy and contributing to the small OTRs observed. It is also possible that the
homogenization treatment followed by air cooling allowed for a close-to-equilibrium
microstructure to form, as opposed to an as-cast or solution treated material, contributing
to the overall cyclic stability of the material.

The latent heat of transformation values for the martensite to austenite
transformation (listed in Table 3.1) were calculated from the area under the DSC peaks
and plotted against the area fraction of second phase, as found using backscattered electron
(BSE) images of the samples that can be seen as insets in Fig. 3.5. The latent heat of
transformation has a decreasing linear relationship with the area fraction of second phase

(lighter region) in the materials (Fig. 3.5(a)). This is, in part, because the second phase
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replaces a portion of the transforming material, resulting in a lower amount of
transforming material within a bulk sample, and therefore a lower overall latent heat is
measured in the sample. However, the percentage decrease in latent heat is of greater
magnitude than expected based on the decrease in the mass fraction of transforming
material alone, indicating that there is another contributing factor. After normalizing the
latent heat by the mass fraction of transforming material, there remains a decreasing trend
in latent heat versus the second phase area fraction (Fig. 7.4(a)) with no correlation to the
transforming matrix composition (Fig. 7.4(b)). The remaining trend in normalized latent
heat with respect to second phase area fraction may be an effect of the confinement of
martensitic domains by the second phase, reducing the number and size of martensitic

variant formation.
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Inset images of microstructure show the evolution of second phase. The Ni content

generally increases from left to right.

Thermal conductivities of the alloys (Cu = 20, 22.5, 25 at.%) measured at
approximately 100°C in the austenite phase are plotted as a function of second phase area
fraction in Fig. 5B. Between 0 and 15% second phase, thermal conductivity remains
relatively constant between 7.7 and 10.5 W/m-K. As the second phase area fraction
increases further, thermal conductivity follows an upward trend, reaching a maximum
value of 16.5 W/m-K at just over 50% second phase. This increasing trend indicates that
the thermal conductivity of the second phase is higher than that of the austenite phase,
contributing to a higher effective thermal conductivity as measured in the bulk material.
The nearly constant thermal conductivity measured in the bulk material between 0 and
15% second phase may be attributed to competing factors which negate the effects of one
another. The thermal conductivity is positively affected by the addition of a more
conductive second phase but negatively affected by phonon scattering at the phase
boundaries [121]. The thermal conductivities of the Cu = 30 at.% samples were not tested
as the trend in thermal conductivity with respect to second phase was already well
established. The specific heat capacities of the alloys in the austenite phase were measured
to be between 0.33 and 0.50 J/g-K, however no correlation was found with respect to alloy
composition or second phase area fraction.

In Fig. 3.6, the temperature dependent behavior of thermal conductivity and

specific heat capacity in NixsTisoCuzs are shown. Beginning at -75°C in the martensite
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phase, thermal conductivity increased with temperature up to the start of the
transformation region. After transformation to the austenite phase, thermal conductivity
continued to increase with rising temperature at a similar rate as in the martensite phase.
Specific heat capacity increased gradually between -75°C and the transformation region,
spiked sharply during transformation, and decreased below the martensite specific heat
capacity level upon completing transformation to austenite. The large spike in measured
specific heat capacity observed within the transformation region is a result of the latent
heat of transformation, and therefore cannot be attributed to sensible heating. The
behaviors of thermal conductivity and specific heat capacity observed in this work are
similar to those measured in NisoTisoCu1o by Ingale et al. [51] Because all of the studied
NiTiCu alloys showed similar temperature dependent thermophysical property behavior,

the trends shown for Ni2sTisoCuss in Fig. 3.6 are representative of the other alloys.
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Fig. 3.6. The thermophysical properties of Ni2sTisoCuss are plotted as a function of
temperature. Thermal conductivity was measured during heating (red) and cooling

(blue). Specific heat capacity measured during heating is shown in grey.

As with transformation enthalpy and thermal conductivity, the densities of the
alloys showed a strong correlation with second phase area fraction as shown in Fig. 3.5(c).
Density was found to increase linearly from below 6400 kg/m? at 0% second phase to over
7100 kg/m?® at 50% second phase. Taking the product of the transformation enthalpy (Fig.
5A), thermal conductivity (Fig. 3.5(b)), and density (Fig. 3.5(c)), the FOM of the alloys is
obtained as a function of second phase area fraction as shown in Fig. 3.5(d). Despite
density and thermal conductivity both showing positive correlations with second phase
area fraction, the FOM decreases with increasing second phase area fraction, indicating
that FOM is dominated by the decreasing trend in transformation enthalpy. The reason for

this is apparent when considering that the highest transformation enthalpy value is 6 times
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the lowest value, however thermal conductivity and density only vary by a factor of 2 and
1.2, respectively. From the trend shown in Fig. 3.5(d), it is apparent that PCM performance
in NiTiCu SMAs as quantified by FOM can be optimized by selecting compositions near
50% Ti, containing no second phase. For applications in which high thermal conductivity
is most important, thermal conductivity can be increased to desired levels by increasing
second phase volume fraction, however this is done at the cost of decreasing
transformation enthalpy and overall FOM.

In Fig. 3.7, FOM is plotted against OTR for the NiTiCu SMAs studied here, with
data from traditional polymer-based solid-solid PCMs [56-58], composite PCMs [59-62],
and NiTi [4] and NiTiHf [64] SMAs included for comparison. The Ar temperature of each
material (equivalently, the melting peak endpoint temperature for traditional PCMSs) is
denoted by marker color. As shown if Fig. 3.7, NiTi and NiTiHf SMAs have FOM values
much higher than traditional PCMs. However, these SMAs generally have higher OTRs,
limiting their application and giving them lower thermal cycling frequency. The magnified
portion of Fig. 3.7 shows that NiTiCu SMAs achieve higher FOM than traditional PCMs
while exhibiting OTRs much lower than NiTi and NiTiHf SMAs, with most NiTiCu alloys
showing OTRs between 12 and 20°C. Although polymer-based solid-solid PCMs show
similarly low OTRs, they have extremely low FOM values ranging from 3 to 26
108-J%/K-s-m* compared to NiTiCu SMAs which range between FOM values of 250 and
1050 10°-J%/K-s-m*. This unique combination of high FOM and low OTR in NiTiCu alloys

makes them excellent candidates for thermal energy storage and management applications
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where high heat-flux, fast thermal cycling, and/or a narrow operation temperature window

are required.

3500
—— Ar Temperature (°C)

<+ 2500 ‘
=
‘.h ‘ A
X 2000 ‘
o~
-2 A
© | A A R
S 1500 ‘ ‘&) A
= NiTi SMA /
o
'S

A

— T T T
100 ™. 150 200

Overall ffa_psformation Ranﬁe.(_AF-MF) (°C)

1200

o 901 NiTiCu SMA
S . NiTiHf SMA [X]
1000 - Y O 70+
¢ > 604 NiTi SMA [X]
<« ( Vo =
] ‘ /00 2 50+ Polymer SS-PCM [X,Y,Z]
E 800 NiTiCu SMA (@, 8 404 ]
g “‘,s Composifg PCM é 0. Composite PCM [X,Y,Z]
C\l7 600 _ ““ "‘J 4 ““‘ o -
s \ ot/ o w\ |_u- 20
bz | @ \ < 10
= ¢ \ 0
o 400 ¢ ¢ \
T \ -10
\ \ ¢
200 - [~ )
| PolymerSS PCM- = -
0- - w ﬁ e /
T T P T
0 10 20 30 40

Overall Transformation Range (Ag-Mg) (°C)
Fig. 3.7. FOM is plotted against OTR for NiTiCu alloys of varying composition with
polymer-based solid-solid PCMs [56-58], composite PCMs [59-62], NiTiHf SMAs [64],
and NiTi SMA [4] for comparison. Material categories are represented by marker shape,

and the As temperature (melting peak endpoint temperature for traditional PCMs) of each
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material is represented by marker color. The lower window shows a magnified view of

the area inside the dotted outline on the upper window.

3.3. Summary and Conclusions

A promising region of the NiTiCu system with narrow OTR was explored to
identify candidate alloys for thermal energy storage and management, and the
transformation characteristics and thermophysical properties of the alloys therein were
examined. The NiTiCu alloys studied here present many characteristics which make them
attractive candidates for use as PCMs for thermal energy storage and management
applications. Their unique combination of high FOM ranging from 272 to 1049
108-J%/K-s-m*, and small OTR with most alloys ranging between 12 and 20°C, indicates
that they have excellent performance in high-power TES and management applications
and the ability to undergo frequent thermal cycling within narrow temperature ranges.
Additionally, the alloys exhibit promising cyclic stability, showing only 0.06°C shift in
the transformation peak and 0.4-0.7% degradation in transformation enthalpy after 20
thermal cycles. The trends in transformation temperature with respect to composition
allow for tuning of NiTiCu alloys for specific TES applications through composition
control, with Ar temperatures ranging from -8.1 to 88.7°C. Furthermore, the differences
in material properties between the primary and second phases present an opportunity to
tailor the properties of the material (e.g. thermal conductivity) to desired levels by

adjusting the ratio of the two phases. Thus, SMAs are further established as potential high
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performance PCMs, with NiTiCu SMAs providing unique, tunable TES solutions, having

low OTRs while maintaining high FOM values.

3.4. Experimental Methods

The materials with the nominal compositions in Table 3.1 were fabricated using
vacuum arc melting (VAC) using high purity raw materials (>99.99%) to create 12 ¢
buttons. The samples were flipped and remelted at high current 5 times to ensure
homogeneity. The buttons were then sealed in quartz tubes under high vacuum,
homogenized at 925°C for 48h, and air cooled to room temperature. The buttons were then
cut via wire electrical discharge machining (wire-EDM) to produce 8 mm diameter x 1
mm thick samples for thermal diffusivity measurement, and 3 mm diameter x 1 mm thick
samples were cut for differential scanning calorimetry (DSC) and scanning electron
microscopy (SEM). The specimens were polished prior to testing and imaging to remove
the possible effects of an EDM recast layer.

A TA Instruments Q2000 differential scanning calorimeter (DSC) was used to
determine the stress-free phase transformation temperatures of the arc melted buttons. The
material was thermally cycled 3 times at a heating-cooling rate of 10°C/min, with selected
compositions cycled 20 times to determine cyclic stability. Stress free transformation
temperatures were determined from the DSC peaks using the slope line extension method
as described in ASTM F2004-17 [122]. The latent heat of transformation was also
calculated from the area under the transformation peaks. The microstructure of the

samples was observed using FEI Quanta 600 FE-SEM with a voltage of 15 kV. Oxford
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energy dispersive X-ray spectroscopy (EDS) system equipped with X-ray mapping and
digital imaging was used to determine the composition of the matrix and the second phase
present in the material.

Thermal diffusivity was measured using a TA Instruments DXF 200 high-speed
Xenon-pulse delivery source and solid-state PIN detector, with measurements taken at
approximately 25°C intervals. Specific heat capacity measurements were extracted from
the DSC heat flow data using the sapphire standard method. Finally, thermal conductivity
was calculated according to k(T) = p - c,(T) - a(T) where K is temperature dependent
thermal conductivity, p is density, cp(T) is temperature dependent specific heat capacity,
and a(T) is temperature dependent thermal diffusivity. The density of each alloy was

determined by Archimedes’ method, using the sample weight in air and submerged in

Wa

water of a known temperature according to the equation p = p,, * where p is the

Wa—Wg
sample density, pw iS the density of water, wa is the weight of the sample in air, and ws is

the apparent weight of the sample while submerged in water.
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4. CUZNAL SHAPE MEMORY ALLOYS AS HIGH THERMAL CONDUCTIVITY

PHASE CHANGE MATERIALS FOR THERMAL ENERGY STORAGE

4.1. Introduction

Shape memory alloys (SMASs) have recently been shown to have excellent thermal
energy storage (TES) performance [4, 64], making them preferable to traditional phase
change materials (PCMS) in certain thermal energy storage and management applications.
Analogous to the melting and recrystallization process of traditional PCMs, the thermally
driven forward and reverse martensitic transformations of SMAs allow them to absorb and
release large amounts of heat without undergoing significant temperature changes. SMAs
offer several benefits over traditional PCMs, including solid-solid transformations which
eliminate the need for liquid containment as is necessary in traditional solid-liquid PCMs,
and superior performance in fast transient thermal storage applications as quantified by
Lu’s PCM figure of merit (FOM = p-L-k, where p is density, L is latent heat of
transformation, and k is thermal conductivity) [2]. While traditional PCMs such as
organics, polymers, and salt hydrates typically show FOM values between 20 and 400
108-J%/K-s-m* [3], NiTi SMAs have been demonstrated to have FOM values as high as
1478 108-J2/K-s-m* [4]. NiTiCu SMAs exhibit FOM values as high as 1048 106-J%/K-s-m*
[123] and have additional characteristics desirable in PCMs including excellent cyclic
stability and low overall transformation range (A+Ms), allowing for frequent thermal
cycling. NiTiHf SMAs, which can operate at temperatures exceeding 500°C [38], have

achieved FOM values ranging up to 3217 108.J%/K-s-m* [64], providing high-temperature
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TES solutions. Despite these promising advancements in the characterization of SMA
performance in TES applications, the NiTi-based SMAs suffer from certain drawbacks.
For example, the NiTiHf compositions with the highest reported FOM values (2000-3000
108-J%/K-s-m*) are limited to operation temperatures above 100°C, excluding them from
applications with low operation temperatures [64]. Furthermore, although the NiTi-based
SMAs show high thermal conductivities (8-18 W/m-K) [4, 64] in comparison to traditional
PCMs (<1 W/m-K) [3], they are relatively low in comparison to common heat sink
materials such as aluminum and copper (236 and 401 W/m-K, respectively). This low
thermal conductivity causes poor performance in thermal management applications where
high heat flux steady-state heat dissipation is required, such as in microelectronic thermal
management. The thermal conductivity of traditional PCMs has been increased by
addition of a conductive dispersed phase such as expanded graphite or carbon nanotubes,
however the composite thermal conductivities were limited to below 6 W/m-K [59-62]. In
light of this, Cu-based SMAs are attractive candidates for TES applications due to their
wide-ranging transformation temperatures and high thermal conductivity, which is
reported to range between 30 and 120 W/m-K [124]. Among the Cu-based SMAs, CuZnAl
alloys are of particular interest, as a one composition was reported to have a thermal
conductivity of 120 W/m-K [124]. However, the thermophysical properties of CuZnAl are
scarcely reported in literature and their TES performance has not been evaluated. The
current study investigates the thermal energy storage performance of CuzZnAl SMAs
through measurement and analysis of transformation characteristics and thermophysical

properties.
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4.2. Experimental Methods

Eleven CuZnAl ingots of varying composition were fabricated, with alloy
compositions chosen to achieve a wide range of transformation temperatures between -150
and 100°C. The compositions of the alloys are indicated on the phase diagram [125] in
Fig. 4.1. The ingots were made according to the procedure shown in Fig. 4.2. Pure
elements in the necessary proportions were sealed inside quartz tubes under Ar atmosphere
to reduce oxidation and contamination during melting. Melting within a small, sealed
volume such as a quartz tube also reduces Zn evaporation, resulting in lower Zn loss from
the melt (a common problem in CuznAl alloy synthesis [126]) and higher compositional
accuracy. The tubes were heated at 1225°C for approximately 15 minutes to ensure the
metals melted fully. The tubes were then flipped and lightly shaken 3 times with 5-minute
intervening heating intervals in order to stir the molten metal and ensure homogeneity in
the finished ingots. The furnace temperature was then reduced to 1000°C (just above the
melting temperature of the alloys), and subsequently ramped down to 950°C (just below
the melting temperature of the alloys) over approximately 5 minutes to slow the
solidification process and mitigate shrinkage porosity formation. The alloys were then
allowed to air cool to room temperature before undergoing a homogenization heat
treatment at 850°C for 2 hours. The ingots were allowed to air cool to room temperature
following heat treatment, as quenching from high temperature often causes vacancy
formation in Cu-based SMAs, stabilizing the martensite phase and suppressing
transformation [127]. Although step-quenching to intermediate temperatures is often used

to tune the microstructures of CuzZnAl SMAs [128, 129], the complexity associated
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with step-quenching thermal treatment is not desirable for scaling and manufacturing
of CuzZnAl SMAs, and therefore air cooling was performed in this study. After cooling
from heat treatment, the finished ingots were cut into test samples via wire electrical
discharge machining. Discs with 3 mm diameter and 1 mm thickness were cut for
differential scanning calorimetry (DSC) measurements, and discs with 8 mm diameter and
1 mm thickness were cut for thermal diffusivity measurements, scanning electron

microscopy (SEM), and X-ray diffraction (XRD) analysis.

Al

Zn

Fig. 4.1. Phase diagram for CuZnAl with the compositions of the fabricated alloys

superimposed. The austenite finish temperatures of the alloys are indicated by color. [125]
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The microstructures of the samples were imaged using a FEI Quanta 600 FE-SEM,
and the matrix compositions were confirmed using an Oxford energy dispersive X-ray
spectroscopy (EDS) system with X-ray mapping and digital imaging capability. The
phases present in each alloy were determined using X-ray diffraction (XRD).

The transformation temperatures and transformation enthalpies of the alloys were
measured using a TA Instruments Q2000 differential scanning calorimeter, heating and
cooling the samples between -150 and 200°C at a rate of 10°C/min, in accordance with
ASTM standard F2004 [122]. Transformation temperatures were determined by the peak

tangent intercept method, and transformation enthalpies were calculated by integrating
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heat flow with respect to time under the transformation peak. The cyclic stability of
CuesZni7Als was measured over 20 heating cooling cycles between temperature limits of
-36 and 18°C (Ms- 20°C and As + 20°C, respectively) with a heating/cooling rate of
10°C/min. The specific heat capacities of the samples were determined from the DSC data
using the sapphire standard method according to ASTM standard E1269 — 11 [130].

The thermal diffusivity values of selected alloys were measured using a TA
Instruments DXF 200 high-speed Xenon-pulse delivery source and solid-state PIN
detector. Measurements were taken at approximately 25°C intervals during heating and
cooling, with the test temperature ranges chosen to include the high and low temperature
phases. The thermal conductivities of the alloys were calculated as a function of
temperature according to the equation k(T) = a(T) - c,(T) - p, where k(T) is thermal
conductivity as a function of temperature, o(T) is thermal diffusivity as a function of
temperature, cp(T) is specific heat capacity as a function of temperature, and p is density.
The densities of the alloys were measured using Archimedes’ method, whereby samples

were weighed in air and while submerged in water of a known temperature. The alloy

density was calculated as p = p,, - WW—“W, where p is the sample density, pw IS the density
a=Ws

of water at the measurement temperature, ws is the weight of the sample in air, and ws is

the apparent weight of the sample while submerged in water.

56



4.3. Results and Discussion

The microstructures of all 11 CuzZnAl compositions can be visualized using the 5
representative microstructure images in Fig. 4.3. Depicted are backscatter electron images
of fully martensitic microstructures (Fig. 4.3(a)), sparse a4 bainite separated by
martensitic domains with a-phase precipitates (Fig. 4.3(b)), densely clustered a; bainite
and a-phase precipitates (Fig. 4.3(c)), partially martensitic structure (Fig. 4.3(d)), and
fully austenitic structures (Fig. 4.3(e)). A higher magnification SEM image of
CugeZnisAliz shows 18R martensitic variants forming in between o, bainite and a-phase
precipitates (Fig. 4.3(f)). The alloy area spectrum matrix compositions confirmed by EDS
are listed in Table 3.1, with the references listed to the representative SEM image label
from Fig. 4.3(a-e). The phases at room temperature were also confirmed in x-ray
diffraction, revealing the presence of y-type precipitates. The high heat treatment
temperature of 850°C followed by air cooling allowed the CuZnAl compositions to form
precipitates when slowly cooling through lower temperature regimes. It has been shown
that temperatures from 200 — 600°C causes rod-like a-phase precipitates to form along

grain boundaries and the formation of more a-phase for longer aging times [131].
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Fig. 4.3. SEM back scatter electron micrographs of the 5 characteristic microstructures

observed in the 11 CuznAl alloys.
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Table 4.1. Compositions, transformation temperatures, overall transformation ranges, and
transformation enthalpies for the CuznAl alloys fabricated. Transformation was not
detected within the DSC testing temperature range for CuesZnisAli2. The Zn and Al
contents are listed, and Cu content makes up the remaining balance. Nominal
compositions are listed first, with measured compositions as determined by EDS shown

in parentheses.

Composition: . Transformation Microstructure

Nominal (measured) Transformation Temperatures OTR Enthalpies (at 23°C)
Zn(at%) Al(@t%) M(°C) M.(°C) A(C) A(°C) ArM; (°C) AH(JI\//;)_’A AH(J‘E’M Label
16 (16.0)  16(16.1) -32 -24.4 -23.8 -19.7 12.3 6.2 5.8 E

17 (16.8)  16(15.9) -87.7 -80.4 -82.2 -73.7 14 5 46 E

17 (17.1)  15(14.8) -15.8 -8.7 -8.5 2.4 13.4 6.4 6.2 E
18(18.2)  15(154)  -1304  -106.6  -120.2  -96.8 336 33 25 E
19(19.0)  15(15.1) -1424  -1351  -1332  -126.3 16.1 33 25 E

17 (17.3)  14(14.0) 25.6 716 63.2 99.2 73.6 5.8 7.8 A

18 (18.0) 14 (14.2) -25.9 5.8 -6.8 8.6 345 47 45 D
19(18.9) 14 (14.0) -87.9 -64.1 -74.4 -54.9 33 46 43 E
18(18.2)  13(13.2) 285 72.1 67.5 101.8 733 32 2.4 B
19(19.1)  13(13.2) 26.6 35.6 46 55.4 28.8 5.3 6.9 A
19(18.9)  12(12.2) C

The Arand Ms transformation temperatures of the alloys are listed in Table 4.1 and
plotted as a function of composition in Fig. 4.4(a). Ar temperatures ranged from -126.3 to
101.8°C, and both As and M temperatures decreased with increasing Al content and with
increasing Zn content, showing good agreement with literature on [ to 18R
transformations in CuzZnAl SMAs [132]. The martensite to austenite transformation
enthalpies of the alloys are listed in Table 4.1 and plotted as a function of composition in

Fig. 4.4(b). In general, the transformation enthalpies increase with decreasing Zn content
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for a given Al content, however CuesZnisAliz is an exception to the trend, showing
unexpectedly low transformation enthalpy. This low enthalpy is attributed to suppression
of martensitic transformation caused by the presence of bainite and a-phase precipitates
as shown in Fig. 4.3(b) and 4.3(f). The microstructure of CuesZnigAli2 was even more
densely populated with bainite and a-phase precipitates as shown in Fig. 4.3(c), and as a
result, martensitic transformation was fully suppressed, and no transformation was
detected by DSC.

CuesZn17Al1s was selected for cyclic stability characterization because it shows the
highest martensite to austenite transformation enthalpy, making it a promising high-FOM
candidate. As shown in Fig. 4.5(a), As and Ms temperatures shifted only 0.07 and 0.5°C
respectively after 20 heating-cooling cycles, showing good stability. M¢ temperature
showed the greatest shift of -1.8°C, however the diminishing magnitude of the regression
line slope indicates that the Mt temperature began to stabilize at higher cycle number. As
temperature shifted by -1.7°C after 20 cycles, however it did not show the same degree of
stabilization as Ms temperature and may therefore continue to shift significantly when
tested beyond 20 cycles. The transformation enthalpies are plotted as a function of cycle
number in Fig. 4.5(b). The austenite to martensite transformation enthalpy showed a
decrease of 5.7% over 20 cycles, however the martensite to austenite transformation
enthalpy, which is used in calculation of the FOM, decreased by only 2.6%. The OTR
increased by 1.9°C after 20 cycles as shown in Fig. 4.5(c), however it began to stabilize
at higher cycle number. The heat flow measured by DSC during the 20 heating-cooling

cycles is shown in Fig. 4.5(d).
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(b) Transformation enthalpies plotted against Zn content with Al content denoted by color.
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(As-Mg) as a function of cycle number.

The densities of the alloys, which ranged between 7488 and 7750 kg/m?, are listed
in Table 4.2 and plotted as a function of Al content in Fig. 4.6. Density decreased with
increasing Al content as expected due to the low density of Al (2700 kg/m®) compared to

Cu (8960 kg/m®) and Zn (7130 kg/m®). No correlation between density and Zn content
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was detected because of the small range of compositions explored and the similarity
between the densities of Zn and Cu.

The measured thermal conductivities of 6 CuzZnAl alloys are listed in Table 4.2.
Thermal conductivities, measured at approximately 25°C above Ar temperature, ranged
between 59 and 75 W/m-K, however no correlation was found with respect to
composition. CuseZnigAli> demonstrated the lowest thermal conductivity at 59 W/m-K,
which may be attributed to phonon scattering at phase boundaries between the precipitates,
bainite, and matrix phases. The measured thermal conductivities are significantly lower
than the 120 W/m-K reported in literature [124]. This may be due to compositional or
processing differences, especially since CuzZnAl alloys show martensitic transformations
in a wide range of compositions [124, 132], and commonly undergo widely varying
thermal treatments. In the remaining 5 samples for which no thermal conductivity is
reported, thermal conductivity could not be accurately measured due to a small amount of
shrinkage porosity formed upon solidification of the alloys during fabrication. The specific
heat capacities of the alloys (listed in Table 4.2), which were measured in order to calculate
thermal conductivity, ranged between 0.391 and 0.529 J/g-K, showing similar, though

slightly higher values compared to those reported in literature [124, 133, 134].
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Table 4.2. Thermophysical properties and FOM values of CuZnAl alloys.

Zn Al Specific Heat AHM—A  Thermal Conductivity  Density FOM
(at.%) (at.%) Capacity (J/g-K) (J/9) (W/m-K) (kg/m?3) (106-J%/K-s-m*)

16 16 0.5 5.8 74.1 7491 3463
17 16 0.529 4.6 747 7488 2823
17 15 0.452 6.2 67.4 7588 3313
18 15 - 25 - 7488 1717*
19 15 0.455 25 65.8 7556 1631
17 14 0.391 7.8 - 7644 3076*
18 14 - 45 - 7517 2455*
19 14 - 43 - 7559 2406*
18 13 0.405 24 - 7631 1697*
19 13 0.51 6.9 75 7651 3012
19 12 0.411 NT 59 7750 NT

*FOM values calculated using an estimated thermal conductivity value of 69.5 W/m-K based on the average of the

measured thermal conductivities.
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The FOM values of the 10 transforming CuzZnAl alloys were calculated as the
product of the measured density, thermal conductivity, and transformation enthalpy
values, and are listed in Table 4.2. For the 5 alloys which could not undergo thermal
conductivity measurement, thermal conductivity was assumed to be 69.5 W/m-K (the
average value of the 6 thermal conductivity measurements) for the purpose of FOM
calculation. As shown in Fig. 4.7(a), the studied CuznAl alloys provide a wide range of
TES solutions with Ar temperatures between -126.3 and 101.8°C and FOM values between
1631 and 3463 10°-J%/K-s-m*. In terms of FOM, all CuznAl alloys outperformed traditional
solid-liquid and solid-solid PCMs (maximum FOM = 476 10°-J¥K-s-m?) [3, 56-59, 135],
composite PCMs (maximum FOM = 824 10°-J/K-s-m*) [59-62], NiTi SMA (FOM = 1478
10%-J4/K-s-m*%) [4], and NiTiCu SMAs (maximum FOM = 1048 10°-J¥/K-s-m%) [123].
CuesZnisAlis and CuesZni7Alss outperformed all NiTiHf SMAs (maximum FOM = 3217
10%-J%/K-s-m*) [64] with FOM values of 3463 and 3313 10°-J%/K-s-m* respectively. In Fig.
4.7(b), FOM values are plotted against OTR. CuZnAl alloys show excellent combinations
of material properties, achieving OTRs as low as those measured in NiTiCu (12°C) [123]
with FOM values exceeding those of NiTiHf alloys. Only polymer solid-solid PCMs
demonstrate lower OTR with one material achieving 9.5°C [57], however the
corresponding FOM value is 3 orders of magnitude lower than CuzZnAl alloys at only 8
10%-J%/K-s-m*. Although CuznAl alloys demonstrate equally low OTR to NiTiCu SMAs
while achieving much greater FOM values, NiTiCu alloys show superior cyclic stability
[123]. Nonetheless, the thermophysical properties of CuZnAl SMAs promise excellent

TES performance.
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and salt hydrate PCMs were not included in plot (b).
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4.4. Summary and Conclusions

The thermophysical properties and transformation characteristics of 11 CuzZnAl
alloys were analyzed in order to assess the potential TES performance of CuZnAl SMAs.
An alloy fabrication procedure was developed, successfully mitigating the difficulty in
achieving accurate compositions, reducing porosity, and avoiding the complex step-
quenching thermal treatments often associated with CuZnAl alloy synthesis. The
transformation temperatures of the alloys showed strong compositional dependence
resulting in Ar temperatures ranging between -126.3 and 101.8°C. The observed decrease
in transformation temperatures caused by increasing Zn and Al content allow for tuning
of CuzZnAl SMAs to TES applications with specific operation temperatures. The
transformation enthalpies and densities of the alloys also showed trends with respect to
composition, assisting in targeting of high FOM values. The high thermal conductivities
of the alloys, ranging from 59 to 75 W/m-K, are higher than those of traditional PCMs and
NiTi-based SMAs, allowing for high-power TES and steady-state heat dissipation. The
FOM values of the alloys, ranging up to 3463 10°-J%/K-s-m*, exceed those of traditional
PCMs and NiTi-based SMAs, promising excellent performance in fast transient TES
applications. In addition to high FOM, CuZnAl SMAs exhibit OTRs as low as 12°C,
making them ideal for TES applications which require frequent thermal cycling or narrow
operating temperature ranges. Although further experimentation should be done to fully
determine, and if necessary, improve the cyclic stability of CuZnAl SMAs, their excellent

thermophysical properties make them attractive PCMs for high-power TES applications.
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5. CONCLUSIONS

The thermophysical properties and transformation characteristics of NiTiHf,
NiTiCu, and CuzZnAl SMAs were measured and analyzed to determine their potential
performance as phase change materials for thermal energy storage. Alloys of varying
composition from each alloy system were fabricated, and their densities, transformation
enthalpies, and thermal conductivities were measured for the purpose of calculating the
FOM value of each alloy. The transformation temperatures and overall transformation
ranges of the alloys, as well as the cyclic stability of selected alloys, were also
characterized. The measured transformation characteristics and thermophysical properties
were related to the compositions and microstructures of the alloys, allowing for
optimization of TES performance within alloy systems. Based on these experiments and

data analysis, the following conclusions were made.

1. SMAs provide several advantages over traditional PCMs, including solid-solid
transformations, high thermal conductivity, transformation temperature tunability,
and high FOM, making SMAs preferable in high heat flux TES applications.

2. NiTiHf, NiTiCu, and CuzZnAl SMAs each present a unique set of thermophysical
properties and transformation characteristics, significantly improving upon the
TES performance of NiTi SMAs, traditional solid-solid and soli-liquid PCMs, and

composite PCMs with enhanced thermal conductivity.



. The relationships between composition and transformation temperatures are well-
mapped in NiTiHf, NiTiCu, and CuZnAl SMAs, allowing for tuning of each alloy
system to TES applications with specific operation temperatures through
composition control.

NiTiHf SMAs achieve more than double the FOM value experimentally
determined for NiTi while also providing TES solutions beyond 500°C, greatly
exceeding the 100°C temperature limitation of NiTi.

. The varying FOM values of NiTiHf alloys are predominantly influenced by
variations in transformation enthalpy which is strongly influenced by alloy
composition. NiTiHf alloys near 20 at.% Hf and 50 at.% Ni show the greatest
transformation enthalpies and FOM values.

NiTiCu alloys show OTRs as low as 12°C, excellent cyclic stability, and
moderately high FOM values, making them excellent for TES applications
requiring frequent cycling, narrow operating temperature ranges, and/or a high
number of cycles.

. The densities, transformation enthalpies, and thermal conductivities of NiTiCu
SMAs show strong dependence on composition and the amount of second phase
present in the material. NiTiCu alloys which are near 50 at.% Ti and have no
second phase particles show the highest FOM values and therefore promise the
best TES performance within the explored composition space of the NiTiCu

system.
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8.

10.

11.

Zn evaporation during synthesis of CuzZnAl alloys can be mitigated by melting the
constituent elements within a small, sealed tube, resulting in high compositional
accuracy.

CuZnAl SMAs exhibit FOM values even higher than those of NiTiHf alloys, while
simultaneously achieving OTRs as low as NiTiCu alloys, however the cyclic
stability of CuznAl alloys should be further explored to confirm their viability for
TES applications requiring a high number of cycles.

The high thermal conductivity (up to 75 W/m-K) of CuzZnAl alloys promises
superior steady state heat dissipation for thermal management applications
compared to NiTi-based SMAs and traditional PCMs.

Although NiTiHf and CuzZnAl show similarly high FOM values, they achieve them
in different ways. As shown in Fig. 5.1, NiTiHf alloys show high FOM mainly due
to high volumetric energy storage density, while CuzZnAl alloys achieve their high
FOM mainly due to high thermal conductivity. These differences in the underlying
thermophysical properties make each alloy preferable in different applications

depending on specific material property requirements.
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7. APPENDIX

IDENTIFICATION AND DESIGN OF NITICU SHAPE MEMORY ALLOYS WITH

SMALL TRANSFORMATION RANGE FOR PHASE CHANGE MATERIAL

APPLICATIONS: SUPPLEMENTARY MATERIALS

In order to further illustrate the effect of composition and processing parameters

on overall transformation range (OTR) and peak offset, NiTi, NiTiPd, and NiTiHf adapted

differential scanning calorimetry (DSC) plots are shown in Fig. 7.1.

NiTi SMAs

NiTiPd SMAs

NiTiHf SMAs

A.
1.
Ni Ti,,
(900°C, 2hrs)

2.
Nil&STi51 5
(900°C, 2hrs)
3.
Ni,Ti,,
(600°C, 1.5hrs)

Heat Flow (a.u.)

CR-Ni“Tismf
(900°C, Thr)
—/\,2;
Ni17Tm

(400°C, 10hr)

NiZI.TTi5D.3Pd25
{1050°C, 24hrs, FC)

4,

Ni, Ti, Pd,
(700°C, 1hr)

=

¢ S\
NiEﬂ 1TiZB.SHfZU
(550°C, 2hrs)
l 2,
Nisn‘!TiMJH'IS
(450°C, 0.83hrs)
3.

Nig, Ti,, Hf,,
(500°C, 4hrs)

4.
N iSDTiZQ,THsz.i
(550°C, 3hrs)

T T T T
<100 50 O 50 100

50 100 150 200

Temperature (°C)

-50 50 150 250 350

Fig. 7.1. (a) Adapted DSC plots from NiTi literature for solution annealed NisoTiso (1 -

Liu et al[136]), solution annealed NisgsTis1s (2 - Hsieh et al[137]), and aged Nis1Tisg (3 -

Lin et al[103]). (b) Adapted DSC plots from NiTiPd literature for cold rolled then solution

annealed NizsTisoPd2s (1 - Khan et al[138]), aged Ni27TisgPd2s (2 — Sasaki et al[139]),



solution annealed then furnace cooled Ni24.7Tis0.3Pd2s (3 — Ramaiah et al[140]), and aged
Ni2sTisoPd2s (4 — Khan et al[100]). (c) Adapted DSC plots from NiTiHf literature for aged
Niso.4Ti2o6Hf20 (1 — Meng et al[141]), aged Niso3Tizs7Hf1s (2 — Evirgen et al[93]), aged
Niso6Ti2a4Hf25 (3 — Patriarca et al[142]), and aged NisoTizo7Hf203 (4 — Hornbuckle et

al[143]).

The compositions of the transforming matrix, second phase - (Cu, Ni).Ti, and the
black particles - Ti2(Cu, Ni) were confirmed using SEM/EDX. A representative
microstructure can be found in Fig. 7.2. The EDX Ti content shows little variation among
the three phases of interest (Fig. 7.3(a)). Ni and Cu contents vary with respect to each
other, and these variations are shown for the transforming matrix and for the second phase
(Fig. 7.3(b)). The transformation temperatures, Ms and Ay, and the transformation range

are plotted against the Ni content confirmed by EDX in Fig. 7.3(c) and 7.3(d), respectively.

96



. L fricun) B

@ @ (CuNi)Ti

Fig. 7.2. Representative SEM/BSE image of a NiTiCu SMA.

97



Temperature (°C)

EDX - Ti (at.%)

404

o
M

A
e

-80 -

70{ A 6015 Cu(at.%)
030%
651 ] o,
IES 50 - % (C N') Ti 022/;,,/
. . 0 u, Ni i .5%
60 Ti(Ni,Cu) ‘bz' 2 20%
R
__ 40+ 2
%51 Transforming | 35 o
Matrix & ° o
501 8 30 °
x e
451 = ~
w 204 e
40 1 Transforming &
- Matrix
(Cu, Ni),Ti 104 »
351
=
30. 0 L] L] L] L] L]
10 20 30 40 50
EDX - Ni (at.%)
[ ]
C. o« w, A 504 D-
[ J L ™
L ] P 0 ® ..': .
*. . O 40-
M L} ®e L < *
F .. * L] 230
. T oY
. < . "
14
la 20 i, N, v Cu(at.%)
e ® o oo *30%
° 10 4 25%
*Plot Excludes Ti = 50 at.% Mol
T T T 0 T L] T T
20 30 40 20 30 40 50

EDX - Ni (at.%)

EDX - Ni (at.%)

Fig. 7.3 (a) Ti content of the transforming matrix, the second phase, and the black

precipitates from SEM/EDX. (b) The Ni and Cu content of the transforming matrix and

the second phase from each NiTiCu composition. (c) The Ar and Mt temperatures versus

confirmed Ni content, excluding Ti = 50 at.%. (d) The transformation range versus

confirmed Ni content for all NiTiCu compositions.
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The latent heat of transformation can be normalized by the mass fraction of the
transforming phase in order to determine the true transformation enthalpy of the
transforming phase. Using the trends in measured density for the alloys from Fig. 3.5(c)
in the manuscript, the densities can be approximated for the transforming matrix (pm =
6333 kg/m?®) and for the second phase (psp = 7611 kg/m?®). Next, using the area fraction of
the second phase (Asp), the mass fraction of the transforming matrix, Mm, can be

approximated by Eq. 5.1:

(Asp*Psp)
M, =1- Eg.5.1
m (Asppsp)+((1—Asp) Pm) g

The calculated Mn, is then used to normalize the latent heat of transformation by

Eq. 5.2

AHp—4
AHyporm = M
m

Eq. 5.2

The normalized latent heat versus second phase area fraction is shown in Fig.
7.4(a). The results indicate that some other mechanism besides the changing volume
fraction of transforming material affects the transformation enthalpy, as the normalized
latent heat is still dependent on the amount of second phase. It is possible that different
martensitic variants could be decreased in different amounts by the second phase,
nanoparticles could be present in the transforming phase, or some other second phase
formation related effect could be occurring. The effect of Ni content (as confirmed by
EDX) on enthalpy was also explored (Fig. 7.4(b)) revealing decreasing trends with Ni
content for various nominal Cu contents, but the separation between the different nominal

Cu contents suggests the variation in enthalpy is independent of composition.
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Fig. 7.4 (a) The normalized latent heat of transformation versus second phase area
fraction. (b) The normalized latent heat of transformation versus confirmed Ni content.
These figures indicate the cause of the decrease in latent heat is not fully explained by the

normalizing of the latent heat by the transforming mass.
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