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Abstract

High-Entropy Alloys have been a highly researched area of metals ever since their
introduction in 2004 by Brian Cantor and Jien-Weh Yeh. In the continued research of High-
Entropy Alloys (HEAS), a specific area concerning Refractory High-Entropy Alloys (RHEAs) has
emerged for their high-temperature applications. Although RHEAs have maintained high strength
and toughness at high temperatures, their low ductility still needs to be addressed. A dataset was
created to find correlations between various characteristics of RHEAs and their composition. A
set of seven compositions were selected and fabricated. Mechanical tests were run on the seven
compositions, and a proposal was written for neutron diffraction tests at Oak Ridge National Lab.
In-situ neutron diffraction was performed during mechanical testing on the seven compositions.
X-ray diffraction was performed on as-cast samples and post-mortem samples of each
composition. The microstructural analysis led to one out of the seven RHEAs being confirmed to
contain Transformation Induced Plasticity (TRIP). The six remaining RHEAs were confirmed as
a single-phase BCC. Nanoparticles were fabricated from three of the confirmed single-phase
compositions and characterized using X-ray diffraction and Scanning Electron Microscope (SEM)

Imaging. All three were found to be a single-phase FCC nanoparticle.
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CHAPTER ONE
Introduction to High-Entropy Alloys



Introduction to the Thesis

This thesis is a representation of the work and research conducted at the University of
Tennessee Knoxville on Refractory High Entropy Alloys (RHEAs) by John Whitlow. Chapter One
is an introduction the topic as well as a discussion on the reasons for this research area. Chapter
Two is a discussion of a dataset created by John Whitlow and Lia Amalia to strengthen the design
and selection of alloys studied. Chapter Three is on the mechanical testing of RHEAs, and includes
the selection and design conducted by Dr. Eric Lass, fabrication, and mechanical testing of the
alloys studied. Chapter Four discusses the X-Ray Diffraction (XRD) patterns obtained by Dr. Eric
Lass and Melanie Moczadlo on the set of RHEAs. Chapter Five discusses the proposal written
after the completion of compression testing for in-sifu Neutron Diffraction at Oak Ridge National
Lab (ORNL), and the preliminary results are reported from the received beamtime. Chapter Six
contains an introduction to RHEA nanoparticles and the novelty of the research, as well as some
results from the nanoparticles fabricated by Dr. Anming Hu and David Fieser. Chapter Seven

concludes the thesis with overall conclusions and future directions for the topics presented.

Background

Alloying has been used for many years to improve the qualities of everyday items. Most
commonly thought of are steel and aluminum alloys, but there are many others that have since
been studied for their mechanical properties. The research on alloying eventually led to the
research on multicomponent alloys. Typically, an alloy consists of multiple elements with one
being considered the primary component, or solvent, and the others being an additive, or solute, to
improve the overall properties of the alloy. The Gibbs Phase Rule dictates that the number of
elements in the alloy should be kept as low as possible to prevent the formation of intermetallic
compounds that cause deterioration in the alloy [1]. This rule is oftentimes used and generally
defined as the number of equilibrium phases, p, is greater than the number of components, c, plus
one,orp >c + 1.

In 2004, Cantor and Yeh published their work on multicomponent alloys that went against
the normal definition of an alloy. Cantor originally began his work in 1981 and published his
findings on his samples in 2004. He fabricated alloys with 16 and 20 elements in equimolar

amounts and explored the central region of the multi-component alloy phase diagram instead of
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apexes or edges in of the phase diagram. In his conclusion, he states that the number of phases for

the multicomponent alloys was always below the maximum number of phases allowed using Gibbs
Phase Rule [2].

In the same year, Yeh published his work on multi-principal-element alloys. He was the
first to explain the concept of High-Entropy Alloys (HEAs) and began his work with the belief
that the multiple elements would create a high mixing entropy that would lead to better mixing. In
his work, the multi-principal-element alloys showed great wear resistance and oxidation resistance,

leading to a further interest in these alloys [1, 3].

Properties

The design of HEAs is very different from that of traditional alloys. For instance, an HEA
contains at least 5 elements, which are equimolar or near equimolar [5 — 35 atomic percent (at. %)]
[1]. Because of the multiple elements present, HEAs are known to exhibit the four core effects: a
high mixing entropy (AS), severe lattice distortion, sluggish diffusion, and cocktail effect [1, 4].

The high AS arises from the correlation between the mixture enthalpy and entropy
according to Gibbs Free Energy theory. At higher temperatures, the mixing entropy plays a large
role in reducing the Gibbs Free Energy and in short produces a simple solid-state solution [4].

The largely equimolar amount of elements in HEAs allows each element to be considered
both a solvent and a solute, meaning that each element has a likelihood to occupy the same site
which results in severe lattice distortion [1]. The multiple elements also introduce many different
atomic sizes, bond lengths, and lattice energies adding to the degree of lattice distortion. This
distortion is correlated to chemical bonding and electron density among the elements, changing
key physical and mechanical properties of HEAs [5].

The lattice structures of elements occupying different sites cause a fluctuation in the
diffusion path for an element or a vacancy to migrate, resulting in a higher activation energy and
sluggish diffusion rate [6]. The packing density, because of the many elements, also causes a lower
diffusion rate. A lower growth and nucleation can yield amorphous phases during solidification
and the formation of ultrafine crystallites [5, 7].

It should also be noted that HEAs are regarded as atomic-scale composites, and because

they are multicomponent, their interactions on the micro-scale create the multi-component
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composite effect, also known as the ‘cocktail effect’ [1]. The cocktail effect, in short, is a

combination of the three previous core effects, and is often used for the design of HEAs [5].

With the continued research on HEAs, theoretical phase diagram calculations have been
created and are commonly used for design. One of the most common is CALculation of PHAse
Diagrams (CALPHAD) through Thermo-Calc. The abilities of CALPHAD are explained further
in the design chapter. From Cantor’s original publication in 2004, manufacturing HEAs have
expanded beyond casting and melt spinning, with most traditional methods in fabricating alloys
being used [6]. One of the most common methods for the fabrication and casting of HEAs is Arc-
melting, which allows for the components to be mixed and cast in the presence of an inert gas to
prevent oxidation.

After fabrication, samples are either subjected to characterization or mechanical testing.
Much of the use of HEAS is seen in high-temperature applications, especially for Refractory HEAs
(RHEAs) [8]. The elastic and plastic deformation range can be explored by tension and
compression testing of RHEA samples, which can then be applied back into the design process
using Machine Learning (ML). Post-mortem samples are commonly characterized to further
understand the activated mechanisms during the deformation process. /n-Sifu Neutron Diffraction
allows for the study of real-time deformation micro-mechanisms such as Transformation Induced

Plasticity (TRIP) and/or twinning deformation.

Refractory HEAs

RHEASs are a subsection within HEAs designated for the multicomponent system with
Refractory elements, such as niobium, molybdenum, tantalum, and tungsten. The benefit to
RHEAs is their ability for high temperature applications while retaining their great strength. The
issue lies within the lack of ductility for RHEAs, limiting their ability for applications, as well as
a difficulty in fabrication.

RHEAs have recently been studied for their applications at high temperatures and have
great room temperature strength as well. Although there are many benefits of RHEAs, the
fabrication and machining process is very difficult, limiting their possible uses. This difficulty of
machining and processing RHEAs is from their lack of ductility, and while some processes have

been used to refine their ductility, little progress has been made in a solution to this issue.
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Our hypothesis is that there are multiple compositions that will accomplish the desired

qualities for strength, ductility, and fatigue resistance to be applied in high-temperature
applications. Our overall objectives are to provide a fundamental study to design and discover at
least 4 compositions for ductile, high-strength RHEAs, then fabricate and investigate the
compositions designed to fundamentally understand their mechanical behavior and analyze their

possible use in the industrial field.



CHAPTER TWO
RHEA Dataset



Introduction

To begin the research of RHEAs, a dataset to draw correlations in the design of likely
compositions can be very beneficial. This chapter discusses the data comparisons of the created
dataset for RHEAs. This dataset can be transferred into possible ML applications or be used to
draw more accurate conclusions on certain RHEA characteristics. All citations for each

composition are shown in the overall dataset, Table 1.

Disclosure

Parts of Chapter 1 combined with the following chapter will be submitted for publication
with the authors of the paper expected to be John Whitlow, Lia Amalia, and Peter K. Liaw. The
chapter as it is in this thesis is the original work of John Whitlow. Further edits may be made to
the chapter as it is seen here, prior to the publication of the journal article. The entirety of the
dataset is not presented in this thesis due to size limitations, but it is planned to be an open source

file published alongside the publication of this chapter.

Reasoning for a RHEA Dataset

Microstructure, processing, and compositions have all been tuned to enhance ductility, and
to analyze the trends seen from these changes, a dataset has been made. Within this dataset
different microstructural properties, namely the ratio of surface energy and unstable stacking fault
energy (D-parameter), Valence Electron Count (VEC), Phases, Atomic Size Mismatch (3), and
Configurational Energy (AS,,ix), Will be analyzed to find correlations of parameters controlling
the ductility of RHEAs.

The different processes used in fabricating the RHEA samples will be compared to
establish standard processes for producing the desired qualities of RHEAs. These comparisons will
be of as-cast, annealed (with comparisons of different annealing temperatures), and Hot Isostatic

Pressed (HIP) processes.



Table 1: RHEA Dataset with Specific Yield Strength and Processing

Composition

Alp2sHfNbTiZr
AlysoHfNbTiZr
Aly.7sHfNbTiZr
Alp2sMoNDbTiV
Alp2sNbTaTiV
Alp2MoTaTiV
AlgsHfNbTaTiZr
Alo3NbTaosTi14Vo2Zr1s
AlpsNbTaTii«Zr; 3
Alo.4HfosNbTaTiZr
Alg.4HfosNbTaTiZr
AlpsCrNbTi2Vo s
AlpsCrNbTi2Vos
AlpsHfNbTaTiZr
AlysMoNbTiV
AlosNbTagsTi1sVoaZr
AlpsNbTaTiV
AlpsMoTaTiV
Alo,75HbeTaTin
Aly.7sMoNbTiV

Al sMoNbTiV
AlCrosNbTiV
AlICr1sNbTiV
AICrMoNbTi
AICrNbTiV
AIHfNbTaTiZr
AIHINDbTiZr
AlMoo.sNbTaosTiZr
AlMoo.sNbTaosTiZr
AlMoo.sNbTaosTiZr
AIMoNDbTi
AIMoNDbTiV
AINb1.5Ta9.5Ti15Zr0.s

Specific Yield Strength
(RT) [MPa/(g/cm?)]
46.085

84.626
102.124
158.088
115.894

85.690
101.512
198.786
187.303
160.913
160.913
208.885
193.297
112.019
208.601
204.502

89.376

82.497
122.787
164.105

67.833
200.958
253.883
237.076
130.283
134.319
216.169
216.169
216.169
181.614
141.125

Processing

As-Cast
As-Cast
As-Cast
As-Cast
As-Cast
As-Cast
As-Cast
HIP+annealed
HIP+annealed
Heat Treatment
HIP+annealed
annealed
As-Cast
As-Cast
As-Cast
HIP+annealed
As-Cast
As-Cast
As-Cast
As-Cast
As-Cast
As-Cast
As-Cast
annealed
As-Cast
As-Cast
As-Cast
Heat Treatment
HIP+annealed
HIP+annealed
annealed
As-Cast
HIP+annealed

Reference

[16]
[16]
[16]
[43]
[44]
[45]
[46]
[47]
[47]
[48]
[47]
[49]
[49]
[46]
[43]
[47]
[44]
[45]
[16]
[43]
[43]
[50]
[50]
[51]
[50]
[46]
[16]
[48]
[47]
[52]
[53]
[43]
[47]



Composition

AINbTaTi
AINbTaTiV
AINbTiIV
AINbTiVZr
AINbTiVZr.1
AleTiVZro.zs
AINbTiVZrgs
AINbTiVZr s
Co.1Hf9psMo0o.sNbTiZr
Co.3Hfo.sMo0osNbTiZr
CoCrMoNb
CoCrMoNbTi
CoCrMoNDbTip.2
CoCrMoNDbTio.4
CoCrMoNDbTios
CrHfNbTiZr
CrMoysNbTaosTiZr
CrMoNbTi
CrMoTaTi
CrNbTiVZr
CrNbTiZr
CrTaTioo0sVW
CrTaTio.o7VW
CrTaVW
Hfo.sMo0o.sNbSio.1 TiZr
Hfy.5sMo00.5sNbSios3TiZr
Hfo.sMo00.sNbSiosTiZr
Hfy.5sMo00.5sNbSio.7TiZr
Hfo.sMo00.sNbSig.oTiZr
Hfo.sMo00sNbTiZr
HfMoo.2sNbTaTiZr
HfMoo.sNbTaTiZr
HfMoy.7sNbTaTiZr
HfMoNbTaTiWZr
HfMoNbTaTiZr

Table 1 Continued

Specific Yield Strength
(RT) [MPa/(g/cm?)]
97.949

87.684
156.667
233.608
201.910
212.500
231.850
238.613
133.206
135.890
158.783
131.661
216.330
204.103
186.767
141.007
169.321
198.515
147.421
189.766
180.749
131.838
133.169
144.584
152.491
156.464
184.715
180.863
194.553
129.184
94.510
112.468
117.773
123.809
130.233

Processing

As-Cast
As-Cast
As-Cast
annealed
annealed
annealed
annealed
annealed
As-cast
As-cast
As-cast
As-cast
As-cast
As-cast
As-cast
annealed
HIP
Heat Treatment
Heat Treatment
HIP
HIP
sintered
sintered
sintered
As-cast
As-cast
As-cast
As-cast
As-cast
As-cast
As-cast
As-cast
As-cast
As-Cast
As-Cast

Reference



Composition

HfMoNbTaTiZr
HfMoNbTiZr
HfMoScTaZr
HfMoTaTiZr
HfNbSiosTiV
HfNbSiysTiVZr
HfNbSiysTiVZr
HfNbTaTi
HfNbTaTiWZr
HfNbTaTiZr
HfNbTaTiZr
HfNbTiVZr
HfNbTiZr
Moo.1NbTiVoi3Zr
MoosNbTiV3Zr
Moo sNbTiVZr
MoosNbTiVosZr
MoosNbTiVZr
Moo 7/NbTiV3Zr
Moo s/NbTiVZr
Mo13NbTiV3Zr
Mo13NbTiVZr
Mo1.sNbTiVosZr
Mo1sNbTiVZr
Mo17/NbTiVZr
Mo:NbTiVZr
MoNbTaTi
MoNbTaTip2sW
MoNbTaTiosW
MoNbTaTi.7;sW
MoNbTaTiVW
MoNbTaTiW
MoNbTaTiW
MoNbTaTiZr
MoNbTaVW

Table 1 Continued

Specific Yield Strength

(RT) [MPa/(g/cm?)]
130.233

160.550
148.080
132.385
144.034
163.003
169.268
65.177
114.113
85.828
78.556
124.368
31.959
133.162
181.541
181.575
175.195
202.224
188.947
229.055
200.000
190.622
193.945
201.458
204.170
215.454
100.933
74.781
82.849
90.486
111.545
94.484
102.364
126.203
87.133

Processing

As-cast
annealed
As-Cast
As-Cast
As-Cast
annealed
As-Cast

Heat Treatment
As-Cast
As-cast

HIP+annealed
Annealed

As-Cast
As-Cast
As-Cast
As-Cast
As-Cast
As-Cast
As-Cast
As-Cast
As-Cast
As-Cast
As-Cast
As-Cast
As-Cast
As-Cast

Heat Treatment

As-Cast
As-Cast
As-Cast
As-Cast
As-Cast
As-Cast
As-Cast
As-Cast

Reference

[64]
[65]
[66]
[64]
[67]
[68]
[68]
[54]
[63]
[23]
[19]
[58]
[16]
[69]
[69]
[69]
[69]
[69]
[69]
[69]
[69]
[69]
[69]
[69]
[69]
[69]
[54]
[70]
[70]
[70]
[71]
[70]
[71]
[72]
[71]
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Composition

MoNbTaW
MoNbTaW
MoNbTaWZr
MoNbTaWZr.1
MoNbTaWZr s
MOoNDbTiV3Zr
MoNbTiVZr
MoTaTiV
NbTaTi
NbTaTiV
NbTaTiV
NbTaTiVZr
NbTaTiVZr
NbTaTiW
NbTiVy3Zr
NbTiV2Zr
NbTiVZr
NbTiVZr

Table 1 Continued

Specific Yield Strength
(RT) [MPa/(g/cm?)]
64.603

60.817
114.771
90.781
101.437
126.401
232.155
101.353
45.803
102.793
106.489
127.211
142.830
70.584
126.019
137.549
162.928
163.076

Processing

As-Cast
As-Cast
As-Cast
As-Cast
As-Cast
As-Cast
As-Cast
As-Cast
CR-+Heat Treat
As-Cast
Heat Treatment
As-Cast
Heat Treatment
Heat Treatment
As-Cast
HIP
As-Cast
HIP

Reference

[71]
[70]
[73]
[73]
[73]
[69]
[69]
[45]
[54]
[74]
[74]
[74]
[74]
[54]
[69]
[60]
[69]
[60]

11
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Microstructure and Properties

Density
Alloy density is often used to calculate the specific yield strength in comparison to overall
yield strength. This can be useful when looking into applications where weight savings are highly

sought after. The formula for calculating the density of an alloy is:

pT=(pa'Ma'Ca+pb'Mb'Cb+pc'Mc'Cc)
(Mg cq+Mpcp+Mcce)

where p, is the density of element a, M, is the molar mass of element a, and c, is the number of
moles of element a in the overall alloy. This can be used to calculate equimolar and non-equimolar

alloys and is not limited to the number of elements present in the alloy.

D-Parameter

The typical evaluation of ductility for solid solution models are first-principle calculations
using Pugh’s modulus, lattice instability mechanisms, and the Rice criterion. Instead of using these
calculations that may not be as accurate in predicting intrinsic ductility, the D-parameter is used.
The D-parameter can be used to predict intrinsic ductility for the alloys containing transition
metals, specifically refractory metals. The difficulty in predicting ductility and other properties of
these alloys is due to their unfilled d-orbital. As the ratio for calculating the D-parameter increases,

so does the potency for intrinsic ductility. The D-parameter is the ratio of the surface energy (ysur)

and unstable stacking fault energy (yusf) commonly presented as D = );Su—rf Where shown, the D-
usf

parameter is calculated from a surrogate model using an open-access code, available at

https://doi.org/10.13011/m3-rkg0-zh65. [9]

Valence Electron Count

The VEC has been commonly used to predict the phases and phase stability of HEAs. The
phase stability is necessary to understand the mechanism involved when HEAs are placed under
strain. The VEC has been used to find correlations relating the value of VEC to certain phases[10].
This idea was first introduced for multi-component alloys, stating that a VEC > § predicts a stable
FCC phase, a VEC < 6.87 predicts a stable BCC phase, and a VEC between 8 and 6.87 results in
a mixture of the phases [11, 12]. VEC is calculated as the overall sum of the VEC of each

component multiplied by the mole percent of the component.
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n
VEC = Z Cl'(VEC)i
i=1

Phase

RHEASs are most commonly seen as multiphase, with a select few being single-phase BCC.
The importance of phase comes with the prediction of mechanical properties and intrinsic ductility
[13]. While the D-parameter does allow some prediction for ductility, many compositions require
much more extensive DFT calculations, and often times are limited to pre and post-mortem
characterization of phases [14]. Many RHEAs have been studied in hopes of finding
transformation-induced plasticity (TRIP) [15]. TRIP RHEAs have the possibility of being ductile
while retaining high strength past the yield strength. For some RHEAsS, a single phase is desired,
and having a correlation to composition or another characteristic of RHEAs will have the ability
to predict a desired phase. When coupling the VEC with the reported phase, more accurate

predictions can be made for future fabrication of RHEAs.

Atomic-Size Mismatch
Atomic Size Mismatch (9) can be thought of as the measure of differences between atomic

radii. It is calculated as:

n

5= Zcim—g)z

i=1

where c is the atomic percent of the component, 7 is the atomic radius, and 7 is the average atomic
radius of the alloy [16]. It is associated with the lattice distortion and sluggish diffusion, two of
the four core effects of HEAs. Lattice distortion is often used to predict microstructural properties,
thermodynamic stabilities, deformation mechanisms, and phase changes of HEAs. The atomic size
mismatch has been adopted as a substitute for the lattice distortion to predict different properties
[17]. To ensure the accuracy of the comparisons of this dataset, the metallic atomic radii from
Wolsey et al. has been used for each composition [18] . The actual value of o is only for
comparisons in this collection, but all calculations must use the same scale of atomic radii for the

comparison to have any significance of correlations.
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Configurational Entropy

The configurational entropy is often time substituted by the Entropy of Mixing (ASmix) to
lower the difficulty of calculations. This entropy can be thought of as the chaos of the system, and
as shown by the equation below, the higher the number of components, the higher or more chaotic
the system will be. When considering equimolar HEAs, the value of

AS = R1In (5)
is often used to describe the lowest entropy needed to overcome the strong bonds between atoms
at high temperatures. Using the Gibbs Free Energy Equation:
AG = AH —TAS

It is shown that the higher the entropy of mixing (especially at high temperatures), the

lower Gibbs Free energy will be. To achieve the most stability, Gibbs Free energy should be a

minimum, which forms a simple solid solution [1]. For a non-equimolar HEAs:

n
ASiix = =R z ¢iIn (Ci)
i=1

where c is the mole percent of the component and the gas constant R=8.3145 J/mol. For equimolar
HEAs:
ASix = Rin(n)

where n is the number of components [1].

Processing and Composition

In this dataset, an overall compilation is shown, along with a separation by the processing
methods of the RHEAs. These sections will be As-Cast, Heat Treatment, and Hot-Isostatically-
Pressed materials. These separations are helpful in furthering the knowledge of the fabrication of
RHEAs, to allow for researchers to fabricate their materials based on the desired qualities. To
accompany the separations by processing parameters, the RHEA dataset will be separated by the

number of components, and the addition of non-refractory elements.
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Dataset Categories and Compilations

Reasoning for use of Specific Yield Strength

For the comparisons in the RHEA dataset, the specific yield strength was used instead of
the overall yield strength for a better comparison of the quality of the alloys. The specific yield
strength is simply the yield strength divided by the density of the alloy.

Overall Compilation

For the overall dataset, a trend is not seen, but the chart shows the wide range of values
possible with RHEAs. The potential for high-strength materials outside of high temperature uses
is high for RHEAs, and when comparing the specific yield strength to other modern high-strength
alloys, the merit of studying the design of RHEAs can be seen. The overall dataset is shown in

Table 1.

D-Parameter

Information on the RHEAs with calculated D-parameters are shown in Table 2. Figure 1
shows the comparison of the D-parameter versus specific yield strength separated by RHEAs
containing Mo and Ta. The Mo containing RHEAs are seen residing in the central portion of the
graph, with an overall trend of as specific yield strength increases, the d-parameter decreases. This
is not unexpected, as alloys that are more ductile are typically lower in yield than more brittle ones.
Figure 2 shows the RHEAs separated by V and Zr containing alloys, similar to the separation of
Mo and Ta, V containing RHEAs are seen throughout the graph, but primarily in the central
portion. For both separations, there is not an overall grouping or trend based on composition.

To verify the accuracy of the D-Parameter as an intrinsic ductility gauge, a comparison was
made with the percent plasticity of the RHEAs in the dataset. Unfortunately, there is not a
correlation seen in Figure 3. It would be easy to conclude that the lack of correlation means that
the D-Parameter is not an accurate gauge for ductility, but it is more likely due to the small number
of alloys with which a D-Parameter has been calculated. Along with the small sample size, using
solely compression tests for percent plasticity will not yield the most conclusive results. Without
complete failures in the samples, the percent plasticity will not be as accurate elongation to failure

from tensile tests.



Table 2: Specific Yield Strength versus D-Parameter

MoNbTaW 64.603 2.113
MoNbTaW 60.817 2.113
MoNbTaWZro.1 90.781 2.152
MoNbTaTio2sW 74.781 2.233
MoNbTaWZrs 101.437 2.276
MoNbTaVW 87.133 2.278
MoNbTaTiosW 82.849 2.335
MoNbTaWZr 114.771 2.376
MoNbTaTig.7;sW 90.486 2.424
MoNbTaTiW 94.484 2.498
MoNbTaTiW 102.364 2.498
MoNbTaTiVW 111.545 2.575
Mo:NbTiVZr 215.454 2.619
Mo17NbTiVZr 204.170 2.687
Mo1sNbTiVo3Zr 193.945 2.731
Mo1sNbTiVZr 201.458 2.738
MoNbTaTi 100.933 2.770
Moo.7NbTiV3Zr 188.947 2.793
Mo13NbTiVo3Zr 200.000 2.793
Mo13NbTiVZr 190.622 2.795
MoTaTiV 101.353 2.805
HfMoNbTaTiWZr 123.809 2.824
MoNbTiVZr 232.155 2.890
Moo.iNbTiVo3Zr 133.162 2.894
MoNDbTiVi3Zr 126.401 2.894
NbTaTiWw 70.584 2.898
MoNbTaTiZr 126.203 2.907
Moo 7/NbTiVZr 229.055 3.000
HfMoNbTaTiZr 130.233 3.073
MoosNbTiVZr 202.224 3.085

HfMoNbTiZr 160.550 3.088



MoosNbTiVoi3Zr
HfMoTaTiZr
H1M00_75NbTaTiZl‘
Moo 3NbTiVZr
Moo 3NbTiVoi3Zr
NbTiV.Zr
Hfo,sMOo,sNb TiZr
NbTaTiV
NbTaTiV
HfMoo.sNbTaTiZr
NbTaTiVZr
NbTaTiVZr
NbTaTi

NbTiVZr
NbTiVZr
HfMoo.2sNbTaTiZr
Nb TiVo,3Zl’
HfNbTaTi
HfNbTaTiWZr
HfNbTaTiZr
HfNbTaTiZr
HINbTiVZr
HINbTiZr

Table 2 Continued

175.195
132.385
117.773
181.575
181.541
137.549
129.184
102.793
106.489
112.468
127.211
142.830
45.803

162.928
163.076
94.510

126.019
65.177

114.113
85.828

78.556

124.368
31.959

3.106
3.121
3.158
3.185
3.226
3.230
3.237
3.253
3.253
3.260
3.309
3.309
3.365
3.370
3.370
3.388
3.485
3.492
3.552
3.552
3.552
3.569
3.821
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Specific Yield Strength versus Atomic-Size Mismatch
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Table 3 shows the values for the specific yield strength alongside the atomic-size mismatch () of

the RHEAs. For alloys with a precipitate, such as aluminum, there is a large atomic size mismatch,
which leads to having some outliers. There is a slight upward trend shown in Figure 4, but with
the overall great strength of RHEAs, the ductility criteria are more important for comparison. The
RHEAs are separated by W and Mo containing and non-refractory containing alloys. There is a
grouping of W and Mo containing RHEASs in the lower, left-hand side of the graph corresponding
to a lowering 6 and specific yield strength. This is due to the higher density of W and Mo, along

with less difference in atomic radii from RHEAs with no non-refractory additions.

Percent Plasticity versus Atomic-Size Mismatch

Figure 5 shows a comparison of atomic-size mismatch and percent plasticity. There are
no strong correlations, but it can be seen that most of the higher percent of plasticity are in the
lower region of atomic-size mismatch. This could mean that too high of an atomic-size mismatch
in RHEAs leads to a more brittle alloy. This cannot be proven with the small dataset shown here

but would become more accurate with a larger dataset and specifically tension testing data.

Atomic Size Mismatch versus D-Parameter
Table 4 shows the values for the D-Parameters of select RHEAs. Using the program from

https://doi.org/10.13011/m3-rkg0-zh65, only certain compositions are included due to the limits

of what RHEASs can have the D-Parameter calculated. The chart shown in Figure 6 appears to have
an upward “banana curve”, highlighting that a sharp increase in ductility may occur with an

increase of atomic size mismatch.
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Table 3: Specific Yield Strength versus Atomic Size Mismatch

Alo2sHENDTIZr 46.085 4.564
Alo.soHINDTIZr 84.626 4.586
Alo.7sHEINDTIZr 102.124 4.653
Alo2sMoNbTiV 158.088 3.646
Alo2sNbTaTiV 115.894 3.627
Alp2MoTaTiV 85.690 3.668
AlosHfNbTaTiZr 101.512 4.438
AlpsNbTaosTi1.4Vo2Zr13 198.786 5.196
AlosNbTaTii4Zr13 187.303 4.240
Alo.4Hfo.sNbTaTiZr 160.913 4.303
Alo.4HfosNbTaTiZr 160.913 4.303
AlpsCrNbTi2Vos 208.885 5.608
AlpsCrNbTi2Vos 193.297 5.608
AlpsHfNbTaTiZr 112.019 4.448
AlosMoNbTiIV 208.601 3.533
AlpsNbTaosTiis5Vo2Zr 204.502 4.654
AlpsNbTaTiV 89.376 3.509
AlpsMoTaTiV 82.497 2.937
Alo7sHINbTaTiZr 122.787 4.460
Alo.7sMoNbTiV 164.105 3.465
Al sMoNbTiIV 67.833 3.234
AlCrosNbTiV 200.958 4.821
AlICr1sNbTiV 253.883 5.639
AICrNbTiV 237.076 5.295
AIHfNbTaTiZr 130.283 4.465
AIHINbTIZr 134.319 4.683
AlMoosNbTagsTiZr 216.169 4516
AlMoo.sNbTaosTiZr 216.169 4.516
AlMoosNbTagsTiZr 216.169 4516
AIMoNDbTiV 181.614 3.379
AINb1.5Ta9.5Ti1.5Zr0s 141.125 3.174
AINbTaTi 97.949 1.031
AINbTaTiV 87.684 3.346
AINDbTIV 156.666 3.595

AINDbTiVZr 233.608 5.731
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Table 3 Continued

AINDbTiVZro.1 201.910 4.454
AINbTiVZr .25 212.500 4.731
AINDbTiVZrs 231.850 5.100
AINbTiVZr1s 238.613 6.185
Co.1Hfo.sMo0o.sNbTiZr 133.206 14.072
Co.3Hfo.sMo00sNbTiZr 135.890 17.599
CoCrMoNb 158.783 6.276
CoCrMoNbTi 131.661 6.610
CoCrMoNbTio.2 216.330 6.469
CoCrMoNbTio.4 204.103 6.507
CoCrMoNbTios 186.767 6.525
CrHINDbTiZr 141.007 7.822
CrMoysNbTaysTiZr 169.321 7.185
CrMoNbTi 198.515 5416
CrMoTaTi 147.421 5416
CrNbTiVZr 189.766 7.787
CrNbTiZr 180.749 7.840
CrTaTio.oaVW 131.838 5.001
CrTaTioosVW 133.169 5.005
CrTaVW 144.584 4.833
Hfo.sMo00.sNbSio.1 TiZr 152.491 7.829
Hfo.sMo0o.sNbSio3TiZr 156.464 9.082
Hfo.sMoo.sNbSiosTiZr 184.715 10.084
Hfo.sMoo.sNbSio7TiZr 180.863 10.930
Hfo.sMo09.sNbSio.oTiZr 194.553 4.997
HfosMoosNbTiZr 129.184 11.655
HfMoo.2sNbTaTiZr 94.510 4.704
HfMoosNbTaTiZr 112.4678 4.829
HfMoo.7sNbTaTiZr 117.773 4.941

HfMoNbTaTiWZr 123.809 5.381



Composition
HfMoNbTaTiZr
HfMoNbTaTiZr
HfMoNbTiZr
HfMoScTaZr
HfMoTaTiZr
HfNbSIiosTiV
HfNbSiosTiVZr
HfNbSiysTiVZr
HfNbTaTi
HfNbTaTiWZr
HfNbTaTiZr
HfNbTaTiZr
HINbTiVZr
HfNbTiZr
Moo.1NbTiV3Zr
MoosNbTiV3Zr
Moo 3NbTiVZr
MoosNbTiVosZr
MoosNbTiVZr
Moo 7/NbTiV3Zr
Moo.7NbTiVZr
Mo13NbTiV3Zr
Mo13NbTiVZr
Mo1sNbTiV3Zr
Mo1sNbTiVZr
Mo1.7/NbTiVZr
Mo:NbTiVZr
MoNbTaTi
MoNbTaTio2sW
MoNbTaTiosW
MoNbTaTig.7;sW
MoNbTaTiVW
MoNbTaTiW
MoNbTaTiW
MoNbTaTiZr

Table 3 Continued

Specific Yield Strength [MPa/(g/cm?)]
130.233
130.233
160.550
148.080
132.385
144.034
163.003
169.268
65.177
114.113
85.828
78.556
124.368
31.959
133.162
181.541
181.575
175.195
202.224
188.947
229.055
200.000
190.622
193.945
201.458
204.170
215.454
100.933
74.781
82.849
90.486
111.545
94.484
102.364
126.203

25

0 [%] Atomic Size Mismatch
5.047
5.047
5.383
5.917
5.383
10.240
10.208
10.208
3.679
4.658
4.267
4.267
6.420
4.261
6.036
5.987
6.307
5.918
6.221
5.838
6.157
5.654
5.975
5.608
5.920
5.861
5.082
2.216
2.518
2.518
2.521
3.392
2.518
2.518
4.627
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Table 3 Continued

MoNbTaVW 87.133 3.282
MoNbTaW 64.603 2.456
MoNbTaW 60.817 2.456
MoNbTaWZr 114.771 5.252
MoNbTaWZr.1 90.781 3.664
MoNbTaWZrs 101.437 4.405
MoNbTiVosZr 126.400 5.749
MoNbTiVZr 232.155 6.057
MoTaTiV 101.353 3.756
NbTaTi 45.803 0.322
NbTaTiV 102.793 3.739
NbTaTiV 106.489 3.739
NbTaTiVZr 127.211 5.618
NbTaTiVZr 142.830 5.618
NbTaTiW 70.584 2.216
NbTiV3Zr 126.019 5.627
NbTiV.Zr 137.549 6.823
NbTiVZr 162.928 6.271

NbTiVZr 163.076 6.271
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Table 4: Atomic Size Mismatch versus D-Parameter

Composition

MoNbTaW
MoNbTaW
MoNbTaWZry.1
MoNbTaTip2sW
MoNbTaWZrs
MoNbTaVW
MoNbTaTiopsW
MoNbTaWZr
MoNbTaTig.7;sW
MoNbTaTiW
MoNbTaTiW
MoNbTaTiVW
Mo:NbTiVZr
Mo17/NbTiVZr
Mo1.sNbTiVosZr
Mo1sNbTiVZr
MoNbTaTi

Moo sNbTiV3Zr
Mo13NbTiV3Zr
Mo13NbTiVZr
MoTaTiV
HfMoNbTaTiWZr
MoNbTiVZr
Moo.NbTiVos3Zr
MoNbTiV3Zr
NbTaTiW
MoNbTaTiZr
Moo s/NbTiVZr
HfMoNbTaTiZr
MoosNbTiVZr
HfMoNbTiZr
MoosNbTiVosZr
HfMoTaTiZr
HfMoy.7sNbTaTiZr
MoosNbTiVZr

& [%] Atomic Size
Mismatch
2.456

2.456
3.664
2.518
4.405
3.282
2.518
5.252
2.521
2.518
2.518
3.392
5.082
5.861
5.608
5.920
2.216
5.838
5.654
5.975
3.756
5.381
6.057
6.036
5.749
2.216
4.627
6.157
5.047
6.221
5.383
5.918
5.383
4.941
6.307

D-Parameter

2.113
2.113
2.152
2.233
2.276
2.280
2.335
2.376
2.424
2.498
2.498
2.575
2.619
2.687
2.731
2.738
2.770
2.793
2.793
2.795
2.805
2.824
2.890
2.894
2.894
2.898
2.907
3.000
3.072
3.085
3.088
3.106
3.121
3.158
3.184

29



Composition

MoosNbTiV3Zr
NbTiV2Zr
Hfo.sMo00sNbTiZr
NbTaTiV
NbTaTiV
HfMoo.sNbTaTiZr
NbTaTiVZr
NbTaTiVZr
NbTaTi

NbTiVZr
NbTiVZr
HfMoy.2sNbTaTiZr
NbTiVos3Zr
HfNbTaTi
HfNbTaTiWZr
HfNbTaTiZr
HfNbTaTiZr
HfNbTiVZr
HfNbTiZr

Table 4 Continued

d [%] Atomic Size

Mismatch
5.987

6.823
4.997
3.739
3.739
4.829
5.618
5.618
0.322
6.271
6.271
4.704
5.627
3.679
4.658
4.267
4.267
6.420
4.261

D-Parameter

3.226
3.230
3.237
3.253
3.253
3.260
3.309
3.309
3.365
3.370
3.370
3.388
3.485
3.492
3.552
3.552
3.552
3.569
3.821

30
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Specific Yield Strength versus Entropy of Mixing

Table 5 shows the values of the Entropy of Mixing or ASmix versus the specific yield
strength. For this comparison there are no apparent correlations, but rather a range of acceptable

values for the RHEAs. Figure 7 shows this comparison with almost all compositions falling at
11 < ASmix> 15 $ The alloys have been separated by Mo and V containing non-refractory

additions, and all other RHEAs with no overall groupings or correlations by composition.

Entropy of Mixing versus D-parameter

Table 6 shows the values of ASmix versus the D-Parameter. Similar to Figure 7, there is not
a correlation seen in Figure 8. There are a few separate areas of the graph where a slight correlation
can be made for a certain grouping of compositions (i.e., Titanium containing RHEAs or

something similar), but nothing that can be drawn to the overall category of RHEAs.

As-Cast, Annealed, and HIP Comparison

Table 7 shows the average value, standard deviation, minimum and maximum values, and
range of the specific yield strength for as-cast RHEAs. Table 8 presents the average value, standard
deviation, minimum and maximum values, and range of the specific yield strength for annealed
RHEAs. Finally, Table 9 exhibits the average value, standard deviation, minimum and maximum
values, and range of the specific yield strength for the HIP RHEAs.

Figure 9 shows the chart comparing the three processes described above. Alloys that are
lighter and stronger will be in the upper left of the chart. Both annealed and HIP alloys are seen
mainly in this area, which is expected, but not one process is seen as exclusively better than the

others without considering differences in compositions.
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Table 5: Specific Yield Strength versus Entropy of Mixing (ASmix)

Alp2sHfNbTiZr 64.603 12.71
Aly.soHfNbTiZr 60.817 13.15
Alo7sHfNbTiIiZr 90.781 13.33
Alp2sMoNbTiV 74.781 12.71
Aly2sNbTaTiV 101.437 12.71
Alp2MoTaTiV 87.133 12.57
AlosHfNbTaTiZr 82.849 14.43
AlosNbTagsTi1.4Vo2Zr13 114.771 13.46
AlosNbTaTii4Zr13 90.486 12.63
Alo4HfosNbTaTiZr 94.484 11.82
Alo4HfosNbTaTiZr 102.364 11.68
AlpsCrNbTi2Vos 111.545 12.23
AlpsCrNbTi2Vos 215.454 12.23
AlosHfNbTaTiZr 204.170 14.70
AlpsMoNDbTiV 193.945 13.15
AlysNbTapsTiisVo2Zr 201.458 13.78
AlypsNbTaTiV 100.933 13.15
AlpsMoTaTiV 188.947 13.24
Alo.7;sHfNbTaTiZr 200.000 14.86
Aly.7sMoNbTiV 190.622 13.33
Al sMoNbTiV 101.353 13.25
AlCrosNbTiV 123.809 13.15
AlCr1sNbTiV 232.155 13.25
AICrNbTiV 133.162 13.38
AIHfNbTaTiZr 126.401 14.90
AIHfNDbTIZr 70.584 13.38
AlMoosNbTaosTiZr 126.203 11.86
AlMoosNbTaosTiZr 229.055 14.53
AlMoosNbTaosTiZr 130.233 14.53
AIMoNDbTiV 202.224 13.38
AlNb1.5TaosTi15Zros 160.550 12.51
AINbTaTi 175.195 11.53
AINbTaTiV 132.385 13.38
AINDbTiIV 117.773 11.53

AINDbTiVZr 181.575 13.38



AINbTiVZr.:
AINbTiVZr.2s
AINbTiVZrgs
AINbTiVZr s
CO.IHfo,sMOo_sNbTiZl‘
Co3Hfo.sMoosNbTiZr
CoCrMoNb
CoCrMoNbTi
CoCrMoNDbTip.2
CoCrMoNDbTio.4
CoCrMoNDbTigs
CrHfNbTiZr
CrMoosNbTagsTiZr
CrMoNbTi
CrMoTaTi
CrNbTiVZr
CrNbTiZr
CrTaTipsVW
CrTaTigo VW
CrTaVW
Hfy.5sMo00.sNbSiy.1 TiZr
Hfy.sMo00.sNbSigs3TiZr
Hfo,sMOo,sNbSio_sTin
Hfy.sMo00.sNbSio7TiZr
Hfo,sMOo,sNbTin
Hfy.5sMo00.sNbZrTiSio.0
HfMoy.2sNbTaTiZr
HfMoosNbTaTiZr
HfMoo.7sNbTaTiZr
HfMoNbTaTiWZr
HfMoNbTaTiZr
HfMoNbTaTiZr
HfMoNbTiZr
HfMoScTaZr
HfMoTaTiZr

Table 5 Continued

181.541
137.549
129.184
102.793
106.489
112.468
127.211
142.830
45.803
162.928
163.076
94.510
126.019
65.177
114.113
85.828
78.556
124.368
31.959
46.0848
84.626
102.124
158.088
115.894
85.690
101.512
198.786
187.303
160.913
160.913
208.885
193.297
112.019
208.601
204.502

12.20
12.71
13.15
13.25
10.74
11.96
11.53
13.38
12.57
13.01
13.15
13.38
14.53
11.53
11.53
13.38
11.53
11.87
12.05
11.53
13.60
14.17
14.43
14.54
12.97
14.55
14.34
14.70
14.86
16.18
14.90
14.90
13.38
13.38
13.38

34



Table 5 Continued

35

HfNbSiosTiV
HfNbSiosTiVZr
HfNbSipsTiVZr
HfNbTaTi
HfNbTaTiWZr
HfNbTaTiZr
HfNbTaTiZr
HINbTiVZr
HfNbTiZr
Moo.1NbTiV3Zr
MoosNbTiV3Zr
Moo sNbTiVZr
MoosNbTiV3Zr
MoosNbTiVZr
Moo 7sNbTiV3Zr
Moo 7/NbTiVZr
Mo13NbTiV3Zr
Mo13NbTiVZr
Mo1sNbTiV3Zr
Mo1sNbTiVZr
Mo17NbTiVZr
Mo:NbTiVZr
MoNbTaTi
MoNbTaTip2sW
MoNbTaTipsW
MoNbTaTip.7;sW
MoNbTaTiVW
MoNbTaTiW
MoNbTaTiW
MoNbTaTiZr
MoNbTaVW
MoNbTaW
MoNbTaW
MoNbTaWZr
MoNbTaWZr.1

89.376
82.497
122.787
164.105
67.833
200.958
253.883
237.076
130.283
134.319
216.169
216.169
216.169
181.614
141.125
97.949
87.684
156.667
233.608
201.910
212.500
231.850
238.613
133.206
135.890
158.783
131.661
216.330
204.103
186.767
141.007
169.321
198.515
147.421
189.766

13.15
14.70
14.70
11.53
14.90
13.38
13.38
13.38
11.53
11.62
12.32
12.83
12.65
13.15
12.80
13.31
12.72
13.33
12.61
13.25
13.15
12.98
11.53
12.71
13.15
13.33
14.90
13.38
13.38
13.38
13.38
11.53
11.53
13.38
12.20



Table 5 Continued

36

MoNbTaWZrs
MOoNDbTiV3Zr
MoNbTiVZr
MoTaTiV
NbTaTi
NbTaTiV
NbTaTiV
NbTaTiVZr
NbTaTiVZr
NbTaTiW
NbTiV3Zr
NbTiV2Zr
NbTiVZr
NbTiVZr

180.749
131.838
133.169
144.584
152.491
156.464
184.715
180.863
194.553
130.233
148.080
144.034
163.003
169.268

13.15
12.83
13.38
11.53
9.13

11.53
11.53
13.38
13.38
11.53
10.83
11.08
11.53
11.53
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Table 6: Entropy of Mixing (ASmix) versus D-Parameter

Composition
MoNbTaW
MoNbTaW
MoNbTaWZry
MoNbTaTip2sW
MoNbTaWZr s
MoNbTaVW
MoNbTaTiopsW
MoNbTaWZr
MoNbTaTig.7;sW
MoNbTaTiW
MoNbTaTiW
MoNbTaTiVW
Mo:NbTiVZr
Mo17/NbTiVZr
Mo1sNbTiV3Zr
Mo1sNbTiVZr
MoNbTaTi
Moo.7NbTiV3Zr
Mo13NbTiV3Zr
Mo13NbTiVZr
MoTaTiV
HfMoNbTaTiWZr
MoNbTiVZr
Moo.1NbTiV3Zr
MoNbTiV0.3Zr
NbTaTiW
MoNbTaTiZr
Moo 7/NbTiVZr
HfMoNbTaTiZr
MoosNbTiVZr
HfMoNbTiZr
MoosNbTiVosZr
HfMoTaTiZr
HfMoy.7sNbTaTiZr
Moo sNbTiVZr

AS
11.526
11.526
12.199
12.710
13.146
13.382
13.150
13.382
13.330
13.382
13.382
14.898
12.980
13.150
12.610
13.250
11.526
12.800
12.720
13.330
11.526
16.179
13.380
11.620
12.830
11.526
13.382
13.310
14.898
13.150
13.382
12.650
13.382
14.856
12.830

D-Parameter
2.113
2.113
2.152
2.233
2.276
2.280
2.335
2.376
2.424
2.498
2.498
2.575
2.619
2.687
2.731
2.738
2.770
2.793
2.793
2.795
2.805
2.824
2.890
2.894
2.894
2.898
2.907
3.000
3.073
3.085
3.088
3.106
3.121
3.158
3.185

38



Table 6 Continued

MoosNbTiV3Zr 12.320 3.226
NbTiV.Zr 11.076 3.230
Hfo.sMoosNbTiZr 12.967 3.237
NbTaTiV 11.526 3.253
NbTaTiV 11.526 3.253
HfMoosNbTaTiZr 14.698 3.260
NbTaTiVZr 13.382 3.309
NbTaTiVZr 13.382 3.309
NbTaTi 9.134 3.365
NbTiVZr 11.526 3.370
NbTiVZr 11.526 3.370
HifMoo.2sNbTaTiZr 14.336 3.388
NbTiVosZr 10.830 3.485
HfNbTaTi 11.526 3.491
HifNbTaTiWZr 14.898 3.552
HfNbTaTiZr 13.382 3.552
HfNbTaTiZr 13.382 3.552
HINbTiVZr 13.382 3.569

HINbTIZr 11.526 3.821
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Table 7: Statistics on Specific Yield Strength of As-Cast RHEAs

Average Yield [MPa/(g/cm?)]: 139.68
Standard Deviation [MPa/(g/cm?)]: 49.30
Minimum Yield [MPa/(g/cm?)]: 31.96
Maximum Yield [MPa/(g/cm?)]: 253.88
Range [MPa/(g/cm)]: 221.92

Table 8: Statistics on Specific Yield Strength of Annealed RHEAs

Average Yield [MPa/(g/cm?)]: 201.54
Standard Deviation [MPa/(g/cm?)]: 39.88
Maximum Yield [MPa/(g/cm?)]: 238.61
Minimum Yield [MPa/(g/cm?)]: 124.37
Range [MPa/(g/cm)]: 114.25

Table 9: Statistics on Specific Yield Strength of HIP RHEAs

Average Yield [MPa/(g/cm?)]: 172.61
Standard Deviation [MPa/(g/cm?)]: 38.06
Maximum Yield [MPa/(g/cm?)]: 216.17
Minimum Yield [MPa/(g/cm?)]: 78.56

Range [MPa/(g/cm?)]: 137.61
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Aluminum Addition versus Specific Yield Strength

Table 10 shows the specific yield strength of RHEAs with aluminum addition along with
the percent aluminum in each RHEA by mol percent. Figure 10 shows the comparison of aluminum
addition versus the percent aluminum. For the trend of overall yield strength, a decrease in yield
is expected with an increase in aluminum addition, but because of aluminum’s low atomic weight,
a trend showing a decrease in specific yield strength with an increase of aluminum addition is not

seen.

Silicon Addition versus Specific Yield Strength

Table 11 shows the specific yield strength of RHEAs with silicon addition along with the
percent silicon in each RHEA by mol percent. Figure 11 shows the comparison of silicon addition
versus the specific yield strength. There are few data points. Hence, no real trend can be drawn
from the chart, but similar to the aluminum addition, a decrease in yield strength is expected to be
seen from silicon addition. The specific yield strength may have a similar trend to aluminum
addition, where a decrease in specific yield strength with an increase in silicon, because of silicon’s

low atomic weight.

Comparison of the Number of Components

Table 12 shows the average value, standard deviation, minimum and maximum values, and
range of the specific yield strength for four component RHEAs. Table 13 shows the average value,
standard deviation, minimum and maximum values, and range of the specific yield strength for
five component RHEAs. Finally, Table 14 presents the average value, standard deviation,
minimum and maximum values, and range of the specific yield strength for the 6 component
RHEAs.

Figure 12 exhibits the chart comparing the four, five, and six component RHEAs. Alloys
that are lighter and stronger will be in the upper left of the chart. All three of the categories are
seen across the chart, with 5 component alloys being the most numerous. The five component

alloys are also the main category seen in the upper half of the chart.
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Table 10: Specific Yield Strength with Percent Al Addition

Alo.2sHfNbTIZr 46.1 0.06
Alo.soHINDTIZr 84.6 0.11
Alo.7sHEINDTIZr 102.1 0.16
Alo2sMoNbTiV 158.1 0.06
Alo2sNbTaTiV 115.9 0.06
Alp2MoTaTiV 85.7 0.05
AlosHfNbTaTiZr 101.5 0.06
Alo3NbTaosTi1.4Vo.2Zris 198.8 0.06
Alo3sNbTaTii4Zr3 187.3 0.06
Alo4HfosNbTaTiZr 160.9 0.08
Aly.4HfosNbTaTiZr 160.9 0.10
AlpsCrNbTi2Vos 208.9 0.09
AlpsCrNbTi2Vos 193.3 0.11
AlpsHfNbTaTiZr 112.0 0.10
AlosMoNbTiIV 208.6 0.11
AlpsNbTaosTiis5Vo2Zr 204.5 0.13
AlosNbTaTiV 89.4 0.13
AlpsMoTaTiV 82.5 0.16
Alo.7sHfNbTaTiZr 122.8 0.27
Alo.7sMoNbTiV 164.1 0.22
Al sMoNbTiIV 67.8 0.18
AlCrosNbTiV 201.0 0.20
AlICr1sNbTiV 253.9 0.17
AICrNbTiV 237.1 0.20
AIHfNbTaTiZr 130.3 0.20
AIHINbTIZr 134.3 0.20
AlMoosNbTagsTiZr 216.2 0.20
AlMoosNbTaosTiZr 216.2 0.25
AlMoosNbTagsTiZr 216.2 0.20
AIMoNDbTiV 181.6 0.25
AlNb1.5Taos5Ti15Zros 141.1 0.20
AINbTaTi 97.9 0.24
AINbTaTiV 87.7 0.24
AINDbTIV 156.7 0.22

AINbTiVZr 233.6 0.18
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Table 10 Continued

AINDbTiIVZro.1 201.9 0.24
AINDbTiIVZro.25 2125 0.24
AINDbTiIVZr s 231.9 0.22
AINDbTiIVZr1s 238.6 0.18
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Table 11: Specific Yield Strength with Percent Si Addition

HfNbSiosTiV 152.5 0.11
Hfo.sMo00.sNbSio.1 TiZr 156.5 0.02
Hfo.sMo0o.sNbSio3TiZr 184.7 0.07
Hfo.sMo0o.sNbSiosTiZr 180.9 0.11
Hfo.sMoo.sNbSio 7 TiZr 194.6 0.15
Hfo.sMo00.sNbSio.oTiZr 144.0 0.18
HfNbSiosTiVZr 163.0 0.11
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Table 12: Statistics on Specific Yield Strength of Four Component RHEAs

Average Yield [MPa/(g/cm?)]: 1180.4
Standard Deviation [MPa/(g/cm?)]: 392.15
Maximum Yield [MPa/(g/cm?)]: 2237
Minimum Yield [MPa/(g/cm?)]: 310
Range [MPa/(g/cm)]: 1927

Table 13: Statistics on Specific Yield Strength of Five Component RHEAs

Average Yield [MPa/(g/cm?)]: 1372.68
Standard Deviation [MPa/(g/cm?)]: 312.55
Maximum Yield [MPa/(g/cm?)]: 2050
Minimum Yield [MPa/(g/cm?)]: 442
Range [MPa/(g/cm)]: 1608

Table 14: Statistics on Specific Yield Strength of Six Component RHEAs

Average Yield [MPa/(g/cm?)]: 1553.18
Standard Deviation [MPa/(g/cm?)]: 274.07
Maximum Yield [MPa/(g/cm?)]: 2035
Minimum Yield [MPa/(g/cm?)]: 1112

Range [MPa/(g/cm)]: 923
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Conclusion of RHEA Dataset

A dataset containing 115 separate compositions and 121 room temperature compression

yield strengths were created from the open sources listed in references [18, 21-54]. Included in the

data set are:

Yield Strengths at Various Reported Temperatures
Specific Yield Strength

Percent Plasticity

Density

Processing

Atomic-Size Mismatch ()

Entropy of Mixing (ASmix)

Phase

Valence Electron Count (VEC)

D-Parameter

These entries can be used in the design of RHEAs for further research on room and high

temperature mechanical properties.



CHAPTER THREE
RHEA Mechanical Testing
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Introduction

The goal of the research in the following chapters is to address the poor ductility of many
RHEAs. The reason for choosing RHEAS is they have sought after mechanical properties that, if
refined, can increase the capability and efficiency of modern-day materials. To select the
compositions, a thorough background of mechanical properties of RHEAs was created, along with
certain parameters that the specified compositions would likely be within.

Typical fabrication of HEAs follows the traditional methods of fabrication for alloys; most
often including liquid melting and mechanical alloying [6]. For most scenarios requiring smaller
amounts of HEAs (mechanical testing and characterization within labs) an Arc-Melter provides an
efficient way to fabricate HEAs. Most notably, the melting, mixing, and casting process can be
done in the same environment, without the need to change machines or exchange the sample.

Once samples were cut and machined to the specified standards, with the help of Doug
Fielden on the cutting of the tension samples, the following mechanical tests were performed. Due
to the difficulty in casting of the RHEAs, only one successful run was performed for each
composition. A successful run was considered as a mechanical test in which the sample did not

fail due to casting defections.

Selection of RHEA compositions

In the design of RHEAs, there is an area in the phase diagram of RHEAs where BCC-
structured RHEASs could have strength and ductility [14]. Calculating the Gibbs Free Energy (AG)
shows for certain compositions that a phase other than Body-Centered Cubic (BCC) is more stable
at lower temperatures and introduces the possibility of the Transformation Induced Plasticity
(TRIP) effect at low temperatures.

A collaborator on the project, Prof. Eric Lass from the University of Tennessee, Knoxville
(UTK), has calculated some of the Gibbs free energy of transformation from the body-centered
cubic (BCC) to the hexagonal close-packed (HCP) crystal structure, where HfTaosTiZr and
HfNbg sTao sTiZr have AGBCCHCP of — 2150 J/mol and — 353 J/mol at 0 K, respectively. Although
these energies are shown at 0 K, they show a likelihood of phase transformations occurring at room

temperature.
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The complete set of alloys was chosen as HfNbTiZr, HfNbTaTiZr, HfTaosTiZr,

HfNbosTaosTiZr, HfNbTaosTiZr, HfosNbTaosTiZr, and NbTapsTiZr. The equimolar
HfNbTaTiZr alloy, also known as the Senkov alloy, has been thoroughly studied, and is a known
single-phase BCC alloy that is included as a comparison to the other compositions [19, 20].
Although some work has been done to enhance the ductility of RHEAs through solid
solution strengthening, composition tuning, and/or grain refinement [21-27], this research was
focused on the mechanical properties of the as-cast compositions to provide a foundational study

on the deformation mechanisms of RHEAs.

Weighing of Elemental Compositions for Fabrication

For each composition a purity of the metals of 99.98% or higher was used. To find the
amount of each element needed the equations shown below were used where c; is the number of
moles and mw is the molar weight of the element.

Mass Required = Mass of Cast X Mass Percent
c; X mw
Total Mass of Alloy

Mass Percent =

Since the size of the cast varies depending on the sample needed, to save material, the
amount of mass required was calculated using the density of the alloy and the volume of the cast.

Shown below is the calculation for the density of the alloy.

n
Ci X Py

- Total Mass
1=

palloy =

An additional mass of roughly 10% of the mass required for the cast is added to make sure

the final cast has more than enough material for a successful cast.

Arc-Melting

The arc-melters used for the fabrication of the RHEAs tested all use a vacuum vessel to
remove any atmosphere, and then replace the vacuum with a small amount of Argon to prevent
any oxidation from trace amounts of gas left in the chamber. A titanium button is melted prior to
the melting, mixing, and casting of any samples to act as an oxygen sink, removing any amount of

oxygen in the chamber.
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Within the chamber, the mold and base of the molds are made of water-cooled copper, to

prevent the melting of the base and the mold. The arc is generated by a current traveling through
a tungsten electrode within the chamber. The arc-melting process can be thought of as a Tungsten
Inert Gas (TIG) welding process. Instead of joining two or more large pieces of metal together, the
arc generated by the tungsten electrode is used to melt and mix two or more elements.

The HEA button created can then be placed above the mold to be cast. The arc-melters use
a vacuum below the mold to pull the melted HEA into the mold. The user of the arc-melters will
open a valve below the mold allowing the vacuum to occur once the HEA button is thoroughly
melted. The vacuum is used because the quick cooling of the HEAs makes the force of gravity

alone too weak to cast the samples before they are re-solidified.

Arc-Melting Standard Operating Procedures
Introduction

Before the compositions were cast, a written standard operating procedure (SOP) had not
been established for safe lab practices. To ensure the safety of the lab and team members, an SOP

was written for both arc-melters named “’Old’ Arc-melter” and ‘“’New’ Arc-melter”.

“Old” Arc-Melter Startup

1. Open both Argon tanks that are connected to the equipment as shown in Figure 13.

2. Turn on the breaker labeled “MRF ARC FURNACE” as shown in Figure 14.

3. Turn on the water starting at the bottom forward handle and working up and out in the same
motion for all 6 handles as shown in Figure 15.

4. Check the second (back) pressure gauge shown in Figure 16. To open the chamber, it needs
to be at 0. If not at 0, back fill with Argon to open the chamber.

5. Raise the chamber.

6. Take out the mold using screws, shown in Figure 17 that can be found on the red toolbox,
to ensure it is clean.

7. If clean, lower the correct mold into the holder using the screws.

8. Place sample slightly covering mold, but not over screw holes as shown in Figure 18.

9. Close the chamber and push the lid towards the left for a better seal.
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Figure 14: Furnace Breaker
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Figure 15: Water Valves
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Figure 16: Pressure Dial
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Figure 17: Copper Mold

60



Figure 18: Casting Setup
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Turn on the mechanic pump (lower left switch with cover) shown in Figure 19.

Open the left light switch followed by the right in Figure 20.

Open the "Varian Dial" below the chamber shown in Figure 21 (Should see negative values
on the gauge).

Wait for the electronic display to show 50-150 torr shown in Figure 22.

Quickly close the right light switch, close the "Varian Dial", and open the Argon using the
left knob shown in Figure 23 until -50 KPa is reached.

Close the Argon and close the left switch.

Turn on the Auxiliary power for the generator using the switch shown in Figure 24.

Turn on the lamp at the back of chamber shown in Figure 25.

Set the generator to ~400 Amps using the knob shown in Figure 26 to melt the titanium
button as an oxygen sponge.

Melt the titanium sponge.

Check the titanium button for oxidation, if little to no oxidation, then continue. An example
of heavy oxidation is shown in Figure 27.

Set generator to the desired amperage. For refractory metals a higher amperage may be
needed. Ask the lab supervisor for a likely starting amperage.

Cast/Melt sample. If casting, open the right light switch simultaneously to melt the sample.
Close the right light switch after casting the sample.

Turn off Auxiliary power and wait ~10 minutes to cool.

Backfill with Argon to reach atmospheric pressure and open chamber.

“Old” Arc-Melter Shutdown

1.

A

Take out the mold as before and clean it using the emulsifier. Rinse the mold with ethanol
and wipe it down.

Place the mold back in the chamber.

Close the chamber.

Open the light switches, left then right.

Open the Varian Dial.

Make the chamber a vacuum around -50 KPa.
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Figure 20: Valve Switches
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Figure 21: Varian Dial



Figure 22: Pressure Display

66



y (W//yﬂ
\\\\\\\\\\\\\\ () ///%

Figure 23: Argon Valve

67



| on

FOWER

POLARITY.

@M‘\\\ec Gold Star 65
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Figure 25: Lamp Switch
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Figure 27: Oxidized Titanium
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Once the vacuum has reached -50 KPa, close the light switches, right then left, and close

the Varian Dial.
Turn off mechanical vacuum pump.

Turn off the water in the opposite order of turning it on.

“New” Arc-Melter Startup

1.

10.

11.

12.

13.
14.

Open V3 to release pressure shown in Figure 28. Watch the gauge above the valve V3 to
see it return to atmospheric pressure.
Once pressure is stable, close V3.
Lift chamber by turning knob to up position and pumping the lever to lift the chamber as
shown in Figure 29.
Insert mold or crucible in chamber if needed, and make sure mold is flush when inserted.
Below the chamber, rotate the bottom handle shown in Figure 30 to the full down position.
Insert the mold or crucible and rotate bottom handle slightly up until resistance is felt to
remove air.
Pour weighed alloy composition into the crucible or place button on mold.
Lower the chamber by turning the knob to the “down” position and gently pulling on lever.
Turn "Rotary Vane Pump" to on position as shown in Figure 31.
Rotate V2 CCW till handle is straight down as shown in Figure 32. Vacuum should begin
and pressure should decrease.
Open V22 and V23 (red handle) Counter-Clockwise shown in Figure 33 and Figure 34 (If
only melting samples and not casting, omit this step along with closing the valves in step
17.)
Turn main switch (Hauptschelter) to on as shown in Figure 35.
Turn “Diffusions/Turbopump” to on position as shown in Figure 36.
Wait for pressure to read below 5.5x102 Barr.

a. While waiting, turn on main circuit breaker behind arc-melter as shown in Figure

37.
b. Turn on the water system, in flow to out flow.

i. Inred, out green as shown in Figure 38.



Figure 28: Chamber Valve
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Figure 29: Chamber Lift
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Figure 30: Mold or Crucible Lift Handle
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Figure 34: Casting Vacuum Valve 2
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Figure 35: Main Switch
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Figure 38: Water Valves for Filtration
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ii. Then, in orange, out yellow as shown in Figure 39.

c. Turn on gas shown in Figure 40 (if pressure does not change from 0 on tank, replace
tank).
After pressure is below 5.5x1072 Barr, close V2 (handle should be straight up).
Open V1 (bolt action) shown in Figure 41 and start turbo drive (TD20) by pressing start

button as shown in Figure 42.

Wait for 2.0x10"> m Barr, then close V22 and V23 (If casting).

Close V1 and click the stop button on the turbo drive.

Immediately following step 18, open V5 to 600 m Barr as shown in Figure 43.

Walk to the back of the power generator and turn red knob to on position as shown in
Figure 44.

Using the control knob on front of the welder shown in Figure 45, turn to the % tab, and

push the knob in to select it.

Turn the amperage percentage to 80-85% for the first melt.

On the arc melting T-bar handle, hit the cancel/reset malfunctions button shown in Figure
46. If both adjacent red lights go out, continue. If not, troubleshoot the issue.

Position the tungsten electrode roughly 2-3 mm from the copper base as shown in Figure
47.

Close the UV shield on the chamber as shown in Figure 48 and turn on the arc-melter.
Melt the Titanium first to check for Oxygen contamination.

If there is no contamination, continue to the sample.

Melt sample 5 times, flipping each time.

To remove the sample, turn off power generator.

Open V3 to atmospheric pressure.

Close V3.

Turn knob to up position for the chamber and use the lever to move the chamber upwards.

> Are-Melter Shutdown

Lower arc melting chamber and check to see V3 is closed.
Open V2 handle and wait until pressure is 1.5x10! millitorr.

Close V2.



Figure 39: Water Valves



Figure 40: Argon Tank
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Figure 42: Turbo-Pump Button
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Figure 43: Argon Valve
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Figure 45: Generator Knob
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Figure 46: Reset Button
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Figure 47: Tungsten Electrode
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Figure 48: Arc Shield
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4. Check TD20 has no green lights (If yes to green lights, hit stop and wait for all green lights

to go away).

Turn off Turbo pump/Diffusion and Rotary Vane pump.
Turn off the main switch (Hauptschelter).

Turn off the main electrical.

Turn off water (in the order of out flow to in flow: yellow, orange, green, red).

A S A

Turn off gas.

Compression Samples

The compression samples for the Material Testing Systems (MTS) at UTK were cast as 4
mm diameter rods that were then cut to length to satisfy the American Society of Testing of
Materials (ASTM E9) standard: 1.5d < L < 2.0d, where L is length in millimeters and d is
diameter in millimeters.

The compression samples used for testing at the Spallation Neutron Source at Oak Ridge
National Lab (SNS at ORNL) were cast and then cut to the following dimensions provided in the
Figure 49 by SNS at ORNL.

Tension Samples

Tension samples for the MTS systems at UTK were cast as 12 mm width by 3 mm thickness
plates with varying lengths. They were cut using electrical discharge machining (EDM) into a
“dog-bone” shape with the dimensions shown in Figure 50 from the required dimension for tensile

testing at the SNS at ORNL.

Difficulty in Casting and Fabrication

Due to the high melting temperature of many of the refractory components of RHEAs, a
successful cast was not always accomplished. By varying the current of the arc-melters, some of
the difficulty in casting was overcome, but not all the issues of casting were addressed. The
success rate for rod shaped casts was much higher than that of the plate casts, with a successful
cast occurring roughly 50% for the rod cast, and a success rate of roughly 20% for the plate cast.

The time expended to obtain a successful compression rod on average is 5 hours. The time
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Figure 49: Compression Rod

The dimensions of the compression rod in millimeters fabricated for testing at ORNL.
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Figure 50: Tension Plate

The dimensions of the tension samples in millimeters used for tensile testing at the SN'S at ORNL.
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expended to obtain a successful tension plate is 12 hours, before the using EBD to cut the plates

into a “dog-bone” shape.

Compression Testing

Each sample was run at a strain rate of 10s! at room temperature. The compression
samples were run using a Material Testing System 810 from MTS Systems Corporation at UTK.
The yield strength and failure strength for each composition is shown in Table 15. The stress strain
curves for the compression tests are shown in Figure 51. While performing the tests, it was noted
that none of the compositions failed catastrophically like other RHEASs that had been tested in the

same manner.

Tension Testing

! at room temperature. The tension

Each sample was run at a strain rate of 5 X 1075
samples were run at the VULCAN beamline at the Spallation Neutron Source (SNS) at ORNL.
Due to difficulty of casting for the size of the cast needed for tension sample, only five out of seven
compositions were successfully cast for tension testing. Of the five that were cast, only four
provided sufficient tension samples that did not fail prematurely. Because of the cost and time
associated with casting these larger samples, the mechanical data was obtained at ORNL and has
not been replicated at UTK. The mechanical testing results are shown with the yield strength shown

in Table 15 and the stress strain curve shown in Figure 52. The neutron diffraction results are

discussed in a later chapter.

Results and Discussion

Casting and machining continue to be a limiting factor for studies on RHEAs with just four
out of seven successful tension plates made. Three out of the four tension samples do not show
increased ductility, but in both tension and compression data, HfTaosTiZr showed high levels of
plasticity and ductility at room temperature. This composition also has the highest ultimate
strength of any of the compositions tested. To find the deformation mechanism(s) for the seven

RHEAs, XRDs of pre- and post-compression samples were obtained and are shown in the
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HfNbTiZr

HfNbTaTiZr

HfTaosTiZr

HfNbosTaosTiZr

HiNbTaosTiZr

HfosNbTaosTiZr

NbTaosTiZr

Atomic
Size
Mismatch
(®) [%]

4.261

4.267

4.216

4.398

4.324

4.251

4.130

Entropy
of Mixing

11.526

13.381

11.239

12.967

13.146

12.967

11.239

VEC

4.25

4.4

4.147

4.25

4.329

4.375

4.433

Density
[g/em’]

9.700

11.826

11.498

11.199

10.955

10.445

9.651

D-
Parameter

4.509

3.788

4.106

4.074

4.044

3.922

3.719

Yield
Strength
Com-
pression
[75]

738

839

1016

865

771

842

847

Ultimate
Strength
(Com-
pression)
[75]

1114

1255

1607

1390

1198

1231

1265

Specific
Yield
Strength
Com-
pression
[75]

76.1

70.9

88.4

77.2

70.4

80.6

87.8

Yield
Strength
Tension
[75]

276

719

786

664

Ultimate
Tensile
Strength
[75]

1032

871

958

733

Specific
Yield
Strength
Tension
[75]

24.0

64.2

71.7

63.6
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Figure 51: Compression Stress-Strain Curve
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following chapter. All the compositions show promising toughness, but in the pursuit of ductile

RHEAs, transition induced plasticity (TRIP) is a major focus.

Conclusion

The compositions were designed to have room temperature ductility while retaining the
benefits of RHEAS, such as their strength at high temperatures. The increased room temperature
ductility will cut costs in fabrication and machining, because of the relative ease compared to other,
more brittle RHEAs.

After observing the compression data, the results of the room-temperature mechanical
testing were promising. To strengthen the research, proof of deformation mechanisms was needed.
Typically, pre- and post-mortem samples are compared, but real-time deformation mechanisms
are superior for showing strengthening properties, and a proposal for beamtime at ORNL was
constructed where tension data was also obtained.

From our original goal of designing and fabricating at least 4 ductile RHEAs at room
temperature, we were able to fabricate 3 successful tension samples that showed great percent
elongation, and all 7 composition showed a high percent plasticity with no catastrophic failures

observed during compression testing.
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CHAPTER FOUR

X-Ray Diffraction Results
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Disclosure

The following X-Ray Diffraction (XRD) results were obtained by Dr. Eric Lass and
Melanie K. Moczadlo.

Introduction

Following the completion of the compression tests, XRD patterns were obtained for each
composition for both pre- and post-mortem samples. With the major goal of this research to find
RHEA compositions that show TRIP, the XRD data provides confirmation of phases before

compression, and either phase stability or the presence of new phases in post compression.

HfNbTiZr

The HfNbTiZr alloy has been previously studied and reported as a well-organized single-
phase BCC. This composition allows for the study of the plastic deformation without concern for
deformation mechanisms such as TRIP [28]. Figure 53 shows the XRD from the as-cast sample.
Figure 54 presents the XRD from the post compression sample. The sole BCC phase confirms the

purely plastic deformation without phase transitions.

HfNbTaTiZr

The HfNbTaTiZr equimolar alloy had been previously studied and is known as a single-
phase BCC RHEA. Phase stability in the intermediate temperature region has been previously
studied, with annealing temperatures ranging from 500 °C to 1,000 °C. Starting around 700 °C,
The alloy was shown to decompose into three major phases: a BCC matrix, a BCC Ta-Nb-rich,
and HCP Zr-Hf-rich precipitates [29]. The as-cast samples are shown to be a single-phase BCC in
Figure 55, and do not appear to have a phase transformation post-compression as shown in Figure

56.
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The as-cast HfTao sTiZr is exhibited as a likely single-phase BCC structure in Figure 57.
The HfTaosTiZr is a theorized TRIP alloy, and the XRD pattern comparison from pre to post-
mortem samples show signs of new phases and the possibility of the appearance of an HCP phase
in Figure 58. Previous publications report the equimolar HfTaTiZr as a single-phase BCC, but

upon lowering the amount of Ta in the alloy, TRIP was introduced [30].

HfNbo.sTaosTiZr

The as-cast HfNbo.sTao.sTiZr is shown as a likely single-phase BCC structure in Figure 59.
The post-compression XRD pattern in Figure 60 for HfNbosTaosTiZr is shown to maintain the
BCC structure, showcasing the possibility of a ductile BCC structure in the RHEA.

HfNbTaosTiZr
The as-cast HfNbTao.sTiZr shows strong single-phase BCC peaks in the XRD pattern in
Figure 61. The post-compression XRD pattern in Figure 62 exhibits no new peaks, signaling phase

stability and a possible composition for studying ductile BCC RHEAs.

HfysNbTaosTiZr

The as-cast Hfo sNbTao sTiZr shows single-phase BCC peaks in the XRD pattern in Figure
63 similar to the two previously mentioned alloys. Also like the previous two alloys, the post-
compression XRD pattern in Figure 64 shows no new peaks, giving another stable single-phase

BCC RHEA.

NbTaosTiZr

The XRD pattern of the as-cast NbTao sTiZr in Figure 65 shows a large BCC structure, but
with the other peaks present, this is most likely not a single-phase BCC alloy. The XRD pattern of
the post-compression NbTag sTiZr in Figure 66 has less noise or fewer insignificant peaks. Further
results would be needed for a strong conclusion, but it is possible that the strain caused the BCC

structure to stabilize in the alloy.
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Conclusion

From the promising results of the compression and tension testing, HfTaosTiZr was
hopeful to be a TRIP RHEA. This is most likely seen as the appearance of new peaks in the
postmortem XRD, but to strengthen the results, in-situ neutron diffraction was used to confirm the
phase transitions occurring under stress. From the remaining compositions, HfNbTiZr,
HfNbTaTiZr, HfNbTaosTiZr, HfNbosTaosTiZr, and HfosNbTaosTiZr all show a single BCC
phase pre and post compression. The NbTaosTiZr composition may have a BCC single-phase
stabilization post-compression, but the in-sifu neutron diffraction testing will confirm or deny this

hypothesis.
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CHAPTER FIVE

Proposal for Neutron Diffraction and Preliminary Results
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Novelty of Research

From the results of the mechanical testing of the set of RHEAs, a further study using
neutron diffraction would provide the real-time deformation mechanism of the alloys. This feature
had not yet been studied, and with the close access to Oak Ridge National Lab (ORNL), the
following was proposed for the VULCAN Beamline at the Spallation Neutron Source at ORNL
for the 2023 beamtime cycle.

Disclosure
This proposal was accepted, and the beamtime was given for January 6%-9™" 2023. The
authors for the proposal are John Whitlow, Lia Amalia, Xuesong Fan, Eric Lass, and Peter K.

Liaw.

Scientific Importance

High-entropy alloys (HEAs), which contain four or more principal elements, have been
well developed in the recent decade showing excellent mechanical properties for future structural
applications [31]. In the development of materials for high-temperature applications, refractory
high-entropy alloys (RHEAs), which mainly contain refractory elements such as niobium,
molybdenum, tantalum, and tungsten, have the potential to be applied at high-temperature services
due to their high strengths at elevated temperatures [24, 26]. However, it is difficult to machine
and process RHEAS since their ductility is relatively low, especially at room temperature [24, 32].
Some work has been done to enhance the ductility of RHEAs by means of solid solution
strengthening via composition tuning and/or grain refinement via powder metallurgy fabrication
processes [21-27]. However, in the effort to develop ductile RHEAs, the deformation mechanism
in real time has not been extensively studied, meaning that the evidence of ductility can only be
found post-mortem. To understand the activated mechanisms during the deformation of ductile
RHEAs, real time-time in-situ diffraction studies of the micromechanical response are vitally
important to accelerate the process of developing highly ductile yet strong RHEAs at room

temperature.
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Preliminary Work

Figure 67 presents the compressive stress-strain curve of our present work, HfNbTiZr,
HfNbTaTiZr, HfTaosTiZr, HfNbosTao sTiZr, HfNbTao sTiZr, Hfo sNbTao sTiZr, and NbTao sTiZr,
compared with published data of RHEAs with similar compositions [26]. The compositions in the
present work were obtained from CALculation of PHAse Diagrams (CALPHAD) to derive the
compositions with high theoretical tensile elongation while maintaining high strengths. Our
preliminary compression test data surprisingly revealed that finely tuning the composition of the
alloying element and eliminating molybdenum from the system could enhance the plasticity
significantly, exceeding 45% strain without failure for most of our compositions. A recently
published work on RHEAs with similar compositions, TiZrHfTay (x = 0.8, 0.6, 0.5), shows that
tantalum tuning may cause enhancement in ductility by forming deformation twins during tensile
deformation, as shown in Figure 68 [32]. Another published work on the effect of composition
tuning in RHEAs shows that TissZr75sHf275NbsTas has an improved ductility due to
transformation-induced plasticity (TRIP) effect [33]. However, real-time in-situ deformation
studies have not been conducted yet. Our collaborator, Prof. Eric Lass from the University of
Tennessee, Knoxville (UTK), has calculated some of the Gibbs free energy of transformation from
the body-centered cubic (BCC) to the hexagonal close-packed (HCP) crystal structure, where
HfTaosTiZr and Hf NbgsTaosTiZr have AGBCCHCP of 2150 J/mol and -353 J/mol at 0 K,
respectively. These values imply that the HCP phase is more stable than the BCC phase at low
temperature, which further implies the possibility of the TRIP mechanism being activated during
deformation, which would agree with a published work on a similar RHEA system [34]. Therefore,
we have reasons to suspect that the higher plasticity of our designed compositions may come from
either the effect of twinning formation or the TRIP effect during plastic deformations. In this
proposed work, the objectives are (1) studying the effect of alloying element tuning on the
deformation mechanisms of HfNbTiZr, HfNbTaTiZr, HfTaosTiZr, HfNbosTaosTiZr,
HfNbTao sTiZr, Hfo sNbTaosTiZr, and NbTaosTiZr RHEASs in real time, (2) investigating the load
partitioning between the identified phases during the in-situ compression and tensile studies, and
(3) coupling with the Crystal Plasticity Finite Element Method (CPFEM) [35] to understand the

activated deformation modes.
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The compressive stress-strain diagram of the present work (shown in bold lines), compared with

the published work of Ko-Kai Tseng et al. in 2018 [26].
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(a) Twinning in body-centered cubic (BCC) structured TiZrHfTax (x = 0.8, 0.6, 0.5) and (b) The

illustration of deformation mechanisms for TiZrHfTax (x=0.8, 0.6, 0.5), showing deformation

twins [32].
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In preparation for the proposed research, sample fabrication and microstructural

characterizations will be conducted at UTK. Tensile and compressive specimens on the designed
RHEA compositions will be prepared by arc-melting a mixture of pure elements in a Ti-gettered
argon atmosphere and then casting into copper molds with desired shapes. Scanning electron
microscopy (SEM) coupled with electron backscatter diffraction (EBSD) and X-ray diffraction
(XRD) will be conducted on both as-cast and deformed specimens to characterize the possible

phase transformations and twinning formations in the designed RHEAs.

Choice of Instrument

For this experiment, we proposed to utilize the Engineering Materials Diffractometer
(VULCAN) at SNS, which is highly capable for studying micromechanical behavior of multi-
phased alloys. The feature that is most useful for this study is the real-time in-situ neutron
diffraction (ND), which would provide the means of characterizing real-time deformation
mechanisms, such as dislocation, twinning, and phase transformations. We will use VULCAN for
in-situ monotonic tension and compression experiments. As similar studies were successfully
conducted in VULCAN][24, 36], we are eager to study the deformation mechanisms of our RHEA
compositions (HfNbTiZr, HfNbTaTiZr, HfTaosTiZr, HfNbosTaosTiZr, HfNbTasTiZr,
HfosNbTaosTiZr, and NbTaosTiZr).

Experiment Plan

Uniaxial tension and compression tests will be conducted at room temperature. The in-situ
ND patterns will be collected simultaneously during continuous loading. As mentioned previously,
7 RHEA compositions will be investigated in the proposed work. The detailed experiment
procedures are shown below:
(1) Tensile tests will be conducted following the sample geometry provided by VULCAN for 3
mm room-temperature plates with the load limit of 15,600 N for a 2,000 MPa maximum stress.
(2) Compression tests will be conducted for 6 mm-diameter rods with the load limit of 56,550 N

for a 2,000 MPa maximum stress.
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Estimation of Measurement Time:

Total time = 2 hours (for initial safety and instrument trainings) + [5 hours (for tensile tests) + 4
hours (for compressive tests)] x 7 (RHEA compositions) + 0.5 hour (for experiment setup and
possible beam loss) x 14 (experiments) = 72 hours. Since the specimen volume that is being
measured by the neutron beam is smaller for tensile plates, the estimated time for tension is longer
than that for compression. Therefore, we request 3 days of beam time to complete the proposed

experiments.

Data Analysis and Scientific Outcomes

(1) The General Structure Analysis System (GSAS) will be used to analyze and refine the ND data
and perform Rietveld refinements to investigate the possible phase transformations.

(2) The VULCAN Data Reduction and Interactive Visualization (VDRIVE) software will be
employed for single-peak analyses to investigate the load transfer or partitioning.

(3) CPFEM will be coupled with the analyzed in-situ ND data to understand the lattice evolution

and deformation mechanisms.

Safety Considerations
No hazardous substance, equipment, or procedure will be brought to or used at the SNS as part

of this proposed research.

Introduction to Preliminary Results

Upon the completion of the in-situ neutron diffraction at ORNL, the process of analyzing
data began. With the help of Lia Amalia, there are some preliminary results that can be reported
now. An in-depth analysis will be published later on the results of the neutron diffraction. This
publication will include microstructural characterization of the samples, such as SEM, TEM, and
EBSD. Unfortunately, the samples were unable to be returned from ORNL, and no post-mortem
characterization on the neutron diffraction samples will occur. Tension and Compression samples

will be refabricated for microstructural characterization.
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Work Hardening

Figure 69 shows the preliminary results of work hardening from the successful tension tests
performed at ORNL. From these results, the curve of HfTaosTiZr is the most notable due to the
increase in work-hardening seen in the middle range of strain. This composition was also published
in work done by Huang et al. with varying amounts of Ta [30]. A similar stress-strain curve and
work hardening rate was seen for the HfTao4TiZr, but not for the HfTap.sTiZr composition in their
publication. The casting procedures were the same, as well as the shape in which the samples were
cut. The likely cause behind this discrepancy is a difference between the calculated theoretical

composition and actual experimental composition.

D-Spacing and Lattice-Strain Measurements
HfNbTiZr

Only the compression data is available for the HINbTiZr RHEA due to the failure of the
cast for the tension samples. Figure 70 shows the compression d-spacing and lattice strain
compared to the stress of the sample. The d-spacing shows that there are no new phases present
during plastic deformation, and instead presents a constant strain on the BCC-lattice parameters.
This result agrees with the report on neutron diffraction of the same composition performed by

Huang et al. [30].

HfNbTaTiZr

Similar to the HfINbTiZr RHEA, the HfNbTaTiZr only has the compression data due to
poor casting. Figure 71 highlights the same plastic deformation without phase transformation as
shown by HfNbTiZr. This was an expected result and is confirmed with no new peaks in the

diffraction data.

HfTaosTiZr

From earlier, HfTaosTiZr is expected to be a TRIP alloy. The lattice strain and d-spacing
confirms the XRD data shown earlier in Figure 58. As discussed, the lower amount of Ta in the
alloy is theorized to increase TRIP in the RHEA. Figure 72 shows the presence of a new phase,
signaled by a new peak occurring in the d-spacing chart. The lattice-strain evolution also shows

the lattice parameters shifting into an HCP phase from a BCC phase.



Work hardening rate (MPa)

=
1

-2500 -

—— HfNb0.5Ta0.5TiZr
—— HfNbTa0.5TiZr
—— Hf0.5NbTa0.5TiZr
——— HfTa0.5TiZr

I i 1

0 S

10 15

True Strain (%)

Figure 69: Work Hardening of Successful Tension Tests

129



130
HfNbTizZr

: 360 800 -

N .8 m 3 % ' J
o 8 H . 3 SH? w101
o0 w & 600 - ol ) P * 2001
£ 2 o ¥ A 2111
” 2 e v v 2201
. E 400 - a ol + 3101
E - < <« 221
100 = & @ 110_2
| & Z 200 ® j. & 200_2
‘ 8 = L 4 42112
%/ v 2202
0- ? @ 3102
¢ 2222

T o 1',4 l:b s o 2‘1 o Co m preSSI on -0.010 —0.&05 0.(;00 0.(;05 0.0‘10 0.(;15 0.020
d-spacing

Lattice Strain

Figure 70: D-Spacing and Lattice Strain of HINbTiZr



131

HfNbTaTiZr

-
I oy W y
L - st .| X 7o e
| o 4% %0
l ‘ ‘ N -l 1 § & e 200_1
' I ﬂ! n! E g 750 4 (o A 2111
l (11 2 0w v 2201
‘ g i » + 3101
= 5004 o » « 221
w -
= i & 110_2
z =® & 2002
& 2501 “ & 2112
“« w2202
: 310 2
01 4 2222

T T T T T
-0.010 -0.005 0.000 0.005 0.010 0.015 0.020
Lattice Strain

Compression

Figure 71: D-Spacing and Lattice Strain for HINbTaTiZr



132

1200
~ k304
(=] o~
1 88 | . w000 { %, 1374 v
| o I' \ o S i’f‘i_ iF oF S =B
| o0 [ - o z 4 o2 o > H-101_1
T o Pz = 8004 S Bk o ® e 1.1
’ J H B # ko P - *-21
| (Al - [ = = e @kor W@ -
| ‘ - v fre Z e d ® B200_1
\ ) 9 > me
‘ WAL Mgl 'L ’ ! g 600+ P B0 PeE ® H-102_1
1 | R \ f\"u.‘-J Ul o | s ) - 0 % b ::;.. ° :-:113_21
i | A J @ @ eKe @ X
ﬁ ‘m | ‘I‘u\,L,\J‘\,H,Lr i~ g 400 ik oW - H-101 2
VTN Wl " e hb? VR N = HT.” @ 12
| [ i | & ’ >
At Npprenanay | 7 N /] 22
, \«6 WPy é@ 200 - myo/g’ & B-200 2
| |\ ‘ »
\ H-102_2
=
R UL - o H-110_2
AN AR 7
L Y B W
N\ Q W d':fﬁ “‘\5""’:3‘!‘.' . T T T T T T T T
- " - Tension -0.015 -0.010 -0.005 0.000 0.005 0010 0.015 0.020 0.025 0.030

Lattice Strain

t136

102

H-102

z
Intensity (a.u.)

T T T T T T T !
1.50 1.58 1.60 1.65 170 178 1.80 185 1.90
d-spacing

Figure 72: D-Spacing and Lattice Strain of HfTa¢sTiZr



133
HfNbo sTaosTiZr

Figure 73 gives a very clean d-spacing and lattice-strain chart, with no new phases
appearing during plastic deformation. In both tension and compression, a single BCC phase is
present, and is represented by a somewhat constant lattice deformation with no transition into a

new phase.

HfNbTaosTiZr
The HfNbTao sTiZr has similar results to the HfNbo sTaosTiZr RHEA, with a single BCC
phase present throughout the plastic deformation of tension and compression tests. Figure 74

showcases another clean set of BCC peaks with the lattice deformation again pointing to a single-

phase BCC alloy.

HfosNbTaysTiZr

The tension and compression lattice strain and d-spacing portrayed in Figure 75 show
another confirmed single-phase BCC RHEA. A small unidentified peak is seen in the d-spacing
chart for tension data, but no new phases or presence of a secondary phase are seen in the lattice
strain for tension or the charts for compression. This peak does not shift and does not grow with
plastic deformation, along with the peak being present before and after plastic deformation

suggests that it is another preferred orientation of the single-phase BCC.

NbTaosTiZr

Figure 76 shows a chart much like the 5 other single-phase BCC RHEAs. The NbTaosTiZr
alloy does not possess any new phases during or after plastic deformation, confirming that the
alloy is a single-phase BCC. Although only compression data is available, because of the tension
data from other single-phase alloys, NbTaosTiZr is theorized to be a stable single-phase BCC

RHEA in compression and tension.
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Elastic Modulus

The elastic modulus was calculated for 6 single-phase RHEAs, and compared to the
measured values obtained at ORNL. These values can be seen in Table 16 for compression tests
and in Table 17 for tension tests. Both tables show a strong trend between the measured values
and the calculated values of the elastic modulus for different grain orientations. For example, with
the HfNbTiZr alloy, the {200} and {310} grain orientations are calculated to be the first to yield
in this isostrain condition, and the same can be seen with the measured values. This holds true for

each of the compositions for which the elastic modulus was calculated and measured.

Kroner Bulk Modulus and Cauchy Pressure

Kroner Bulk Modulus has been used as the most accurate model to parallel experimental
data for RHEAs and their ductility. After obtaining the data from VULCAN, Kroner’s self-
consistent model was used to calculate the single crystal elastic constants (C11, C12, C44, and
S11, S12, S44) [37].

Cauchy Pressure (Ci2 — Ca44) is a polycrystalline elastic modulus that has been shown to
predict the elasticity and plasticity of RHEAs. It is often used to describe the type of atomic
bonding present in the HEA. A positive value represents an increased degree of metallic bonding
and thus, higher ductility, while a negative value represents covalent bonding and more brittle
behavior [37].

Table 18 shows the calculated values for the single crystal elastic strain of the single-phase
compositions. There is a trend supporting a higher Kroner Bulk Modulus representing a higher
plasticity and ductility. The excel file used is planned to be offered as supplemental data to the
publication on this set of RHEAs. Table 19 reports the mechanical test values from the VULCAN

beamline at ORNL and compression tests from UTK for comparison.

Conclusion

The previously reported TRIP HfTaxTiZr (where 0 < x > 1) continues to show promising
results in ductility and strength. Further data analysis will show the deformation mechanisms of
the RHEAsS, possibly including twinning and other strengthening mechanisms. HfTao sTiZr is the
only TRIP alloy present in the 7 compositions tested. Even though the other 6 are not TRIP alloys,

microstructural characterizations are necessary on the deformation mechanisms.



Calculated

Measured

hkl
110
200
211
220
310
hkl
110
200
211
220
310

Table 16: Compression Elastic Modulus Values

HINbTIZr
88.68
54.50
88.68
88.68
63.28

HINbTIZr
91.14
69.49
89.65
90.37
75.89

HfNbTaTiZr
103.39
64.93
103.39
103.39
74.97
HfNbTaTiZr
104.15
82.47
103.67
104.45
89.18

Enk
HfNbosTaosTiZr
87.85
50.69
87.85
87.85
59.80
HfNbosTaosTiZr
89.74
67.59
89.84
90.46
74.94

HINbTaosTiZr

96.31
60.75
96.31
96.31
70.07
HINbTaosTiZr
97.33
76.55
96.67
96.41
83.32

HfosNbTaosTiZr

92.37
60.36
92.37
92.37
68.96
HfosNbTaosTiZr
93.06
74.72
92.26
91.50
80.26

NbTaosTiZr
101.79
69.67
101.79
101.79
78.60
NbTaosTiZr
100.80
83.92
100.32
102.51
89.22
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Table 17: Tension Elastic Modulus Values

Enk
hkl HfNbosTaosTiZr HfNbTaosTiZr HfosNbTaosTiZr
110 83.11 96.71 91.16
200 4426 58.57 56.91
CalcUl e T 83.11 96.71 91.16
220 83.11 96.71 91.16
310 53.22 68.26 65.81
hkl HfNbosTaosTiZr HfNbTaosTiZr HfyosNbTaosTiZr
110 88.14 97.37 92.92
Veasured 29 61.53 75.44 72.62
211 87.71 97.62 90.91
220 89.45 99.50 96.76

310 69.08 83.39 78.23
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Table 18: Calculated Single Crystal Elastic Constants

Calculated
Cauchy
Kroner | pressure
Bulk (C11-
C11 C12 C44 S11 S12 S44 Modulus C44)
GPa 102 GPa’! GPa
Tension

HfNbTaosTiZr | 171.661 [ 130.773 | 45495 | 0.171 -0.074 0.220 | 92.963 | 126.167

HfNbo.sTaosTiZr | 151.460 | 120.802 | 43.494 | 0.226 -0.100 0.230 | 81.545 | 107.966

HfosNbTaosTiZr | 168.757 [ 129.054 | 41.731 0.176 -0.076 0.240 | 87.429 | 127.025

Compression

NbTaosTiZr 148.784 | 99.000 | 45.332 | 0.144 -0.057 0.221 97.414 [ 103.452

HfNbTaTiZr 179.403 | 133.915 | 47.506 | 0.154 -0.066 0.211 99.128 [ 131.897

HfosNbTaosTiZr | 131.156 | 88.096 | 42.579 | 0.166 -0.067 0.235 88.427 | 88.578

HfNbo.sTaosTiZr | 177.383 [ 142.307 | 42.301 0.197 -0.088 0.236 | 84.916 | 135.081

HfNbTaosTiZr | 148.030 | 105.100 [ 44.878 | 0.165 -0.068 0.223 | 92.320 | 103.152

HfNbTiZr 146.773 | 108.533 | 41.653 | 0.184 -0.078 0.240 | 85.149 | 105.120




Table 19: Strength, Ductility, and Plasticity Values

Measured
Ultimate
Tensile Plasticity/
Yield Strength Strength Ductility
MPa MPa %
Tension
HfNbTaosTiZr 874 957 13.89
Hbeo_sTao_sTin 744 871 13.68
Hfo,sNbTao_sTin 693 732 6.87
Compression
NbTagsTiZr 986 1264 >35
HfNbTaTiZr 971 1255 >35
HfosNbTagsTiZr 965 1233 >35
HfNbo.sTaosTiZr 934 1397 >35
HfNbTa0.5TiZr 912 1286 >35
HINbTiZr 830 1125 >35
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Future Directions

e To confirm the experimental composition of the samples, a field emission SEM should
be used.

e Deformation mechanisms for the single-phase RHEAs and TRIP RHEA will be
discovered using TEM.

e Twinning and other strengthening mechanisms are likely to be seen in TEM results
similar to those published by Huang et al. [30]

e A comprehensive report on the findings of the in-situ neutron diffraction will be

published alongside microstructural characterization once completed.
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CHAPTER SIX

RHEA Nanoparticles
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Disclosure

The following chapter was written by John Whitlow on the joint collaboration with Dr. Hu
Anming and David Fieser of the Mechanical Engineering Department at UTK. The provided XRD
and SEM images in this section were obtained by David Fieser. The following information will be

used for a later publication on HEA nanoparticles.

Introduction

The topic of HEA nanoparticles is a research area providing novel investigations on the
creating of nanoparticles that can be tuned for various applications. One of the more common
being the use of nanoparticles as a catalyst in the Carbon Monoxide and Carbon Dioxide Reduction
Reaction (CORR and CO2RR). This research is at the forefront of many large industries to limit
their environmental impact, especially with many companies seeking to reach a net zero emission
policy in the coming decade [38, 39].

The fabrication of HEA nanoparticles creates a similar set of problems seen with the design
of bulk HEAs. In many instances of bulk HEAs, a single-phase is preferred, and this is the same
for nanoparticles [40]. Therefore, it is best to start the fabrication with a single-phase HEA bulk
for the creation of nanoparticles. The nanoparticles are then more likely to be uniform and also
single-phase. Common fabrication methods include mechanical alloying, microwave heating,
carbothermal shock, wet chemistry, and laser ablation synthesis in liquid which is used for the
nanoparticles discussed in this chapter.

Laser ablation uses a pulsed laser to hit the bulk HEA, removing part of the surface of the
bulk material, creating nanoparticles. These nanoparticles then suspend in the liquid, which can be
various different liquids, most commonly being water and organic solvents such as toluene or n-
hexane [41].

From the same set of compositions listed in Chapter Seven, three of the compositions that
were shown to be a stable single-phase from the XRD patterns were cast and provided for laser
ablation to create nanoparticles of the RHEAs. The goal of the research was to obtain single-phase

nanoparticles from a single-phase RHEA.
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RHEA Nanoparticle Results

HfNbo sTaosTiZr

Figure 77 presents the comparison of the obtained XRD patterns for the HfNbo sTao.sTiZr
bulk alloy and fabricated nanoparticles. The as-cast material is shown again to be a single-phase
BCC structure, while the nanoparticles are shown to be a single-phase FCC structure. Figure 78
shows the matching of the XRD obtained for the single-phase FCC HfNbo.sTao.sTiZr nanoparticles
to a known single-phase FCC ZrOs,.

HfNbTaosTiZr

Figure 79 shows the comparison of the obtained XRD patterns for the HfNbTao sTiZr bulk
alloy and fabricated nanoparticles. The as-cast material is shown again to be a single-phase BCC,
while the nanoparticles are exhibited to be a single-phase FCC structure. Figure 80 shows the
matching of the XRD obtained for the single-phase FCC HfNbTao.sTiZr nanoparticles to a known
single-phase FCC HfOs,.

HfosNbTao sTiZr

Figure 81 presents the comparison of the obtained XRD patterns for the Hfo sNbTao sTiZr
bulk alloy and fabricated nanoparticles. The as-cast material is shown again to be a single-phase
BCC structure, while the nanoparticles are shown to be a single-phase FCC structure. Figure 82
presents the matching of the XRD obtained for the single-phase FCC HfosNbTaosTiZr
nanoparticles to a known single-phase FCC HfO,. Figure 83 shows a comparison of the
nanoparticles of the Hfo sNbTaosTiZr alloy created in water and toluene. The difference in peak
positions is due to a change in lattice parameters for the FCC structure.

The HfosNbTaosTiZr nanoparticles fabricated in water and toluene are shown the SEM
images Figure 84 and Figure 85, respectively. These are very early preliminary images, with the
quality of the image of nanoparticle fabricated in water much more clear. Still, a fairly uniform

nanoparticle is seen in both figures.
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Figure 77: Nanoparticle HfNbo.sTaosTiZr XRD
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Figure 78: HfNbo.sTasTiZr Phase Confirmation
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Figure 79: Nanoparticle HfNbTaosTiZr XRD
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FIB Lock Mags = No Tilt Angle = 0.0° StageatT= 0.0° Signal A = SE2 Date :25 Apr 2023
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FIB Imaging = SEM

Figure 84: HfosNbTaosTiZr Nanoparticle Fabricated in Water
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Figure 85: Hfo.sNbTaosTiZr Nanoparticle Fabricated in Toluene
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Discussion

The creation of RHEA nanoparticles is a new research topic within material science, and
the novel research of single-phase nanoparticles with RHEAs could have many applications. The
results shown are of 4 perspective single-phase RHEAs that when used to fabricate nanoparticles
using laser ablation, shift from a BCC phase in bulk to an FCC phase in nanoparticles. The FCC
phase is shown in comparison to known oxides, and because the nanoparticles were created in
water, nanoparticles of the Hfy sNbTao sTiZr alloy were also created in the organic solvent toluene.
The FCC structure is still seen, but there is the possibility of forming an oxide phase as has been
reported in the creation of nanoparticles from the equimolar HfNbTaTiZr alloy [41]. The slight
shift in peaks between the nanoparticles is theorized to be caused by a change in lattice parameters.
Both the creation of single-phase nanoparticles and the lattice parameter change from different

media provide a novel area of research.

Conclusion

In the hopes of finding a novel, single-phase RHEA nanoparticle, a transition from a bulk
sample of a single-phase BCC is shown to transition into single-phase FCC nanoparticles when
laser ablated in both water and toluene. There are two key areas that require further investigation:
Firstly, the transition from a bulk BCC phase to a nanoparticle FCC phase. Secondly, the possible
use of HEA nanoparticle catalysts in the CO and CO> reduction reaction. It is hypothesized that
the transition of a BCC-structured bulk RHEA to FCC-structured nanoparticles is due to the
original design of the bulk RHEAs. The compositions were designed to have a high likelihood of
TRIP into the HCP phase at room-temperature deformation. With the stable free energy of the
FCC phase very close to the HCP phase, it is possible that this is the reason behind the FCC phase

being found in the nanoparticles.
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CHAPTER SEVEN

Conclusions and Future Directions
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Conclusions

RHEA Dataset

Different correlations were established using a large dataset of RHEAs, providing
directions for future studies on the design of RHEAsS.

Groupings can be seen that are similar to the image shown in Figure 86 (taken from E.P.
George [42]), comparing common materials.

There is a slight upward trend seen between the D-parameter and Atomic-Size Mismatch.
VEC continues to be an accurate way to pre-determine the structure of the alloy.

Overall, Machine Learning (ML) will continue to be a strong addition to the design of

RHEAs with strength and ductility.

RHEA Fabrication, Mechanical Testing, and XRD Results

The difficulty in the fabrication and casting of refractory-element-containing alloys
continues to be a limitation in their application.

Although the studied compositions have shown promising room-temperature
characteristics, the fabrication and sample preparation are far more time consuming and
arduous when compared to other more commonly used “super” alloys.

With the success rates of compression sample casting much higher than tension samples,
compression testing continues to be the easiest form of mechanical testing for RHEAs.
From the XRD patterns of pre- and post-compression samples, HfTao sTiZr is likely to be
a TRIP alloy.

The NbTaosTiZr was hypothesized to have some form of phase transformation present
during the compression testing. The post-compression sample XRD possibly had a

presence of new phases but was disproven by neutron diffraction.

RHEA Neutron Diffraction Results

In-situ mechanical testing was performed at the VULCAN beamline of the SNS at ORNL
with compression tests conducted on all seven RHEA compositions, and tension tests
performed on four out of the seven compositions.

HfTaosTiZr was discovered to be the only TRIP alloy in the set of 7 alloys.
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e HfNbTiZr, HINbTaTiZr, HfNbo sTao sTiZr, HINbTao sTiZr, Hfy sNbTao sTiZr, and

NbTao sTiZr were confirmed as single-phase BCC structures.

e TEM and other microstructural characterization techniques will be used to strengthen the
findings of the in-situ neutron diffraction.

RHEA Nanoparticles

e With the original intent of supplying single-phase HEAs for the fabrication of nanoparticles
using femto-laser ablation, a successful single-phase nanoparticle was created.

e The nanoparticles created from the single-phase BCC alloys HfNbosTaosTiZr,
HfNbTao sTiZr, and Hfo sNbTao sTiZr were all shown to be single-phase FCC structures.

Future Directions
RHEA Dataset

With the continued investment into various ML techniques, continuing to grow the dataset for
these techniques will be beneficial for saving time and materials for researching RHEAs. Investing
time into programs that predict D-Parameter for any alloy composition will provide an accurate
way of designing ductile RHEAs. Combining D-Parameter with The Gibbs Free Energies of phase
transformations and metastable phases will produce accurate designs for TRIP or ductile RHEAs.
Fine-tuning of the addition of non-refractory elements will most likely provide a “sweet spot” of

high-temperature strength and ductility.

RHEA Fabrication and Mechanical Testing

To improve the success rate on fabrication, comprehensive data should be obtained for the
environment of casting to create a pool of data that can guide future fabrications. This should
include Argon pressure in the tank, weight of the sample, amperage of the arc-melter, amount of
time while mixing the sample, temperature of the lab, and humidity of the lab. After completing a
thorough analysis of fabrication parameters, mechanical testing, specifically tension tests, should
be completed. Although very difficult, tension tests provide strong results for studying the RHEAs
ductility and is a priority for fabrication and mechanical testing. Microstructural characterization,
such as SEM, TEM, EBSD, and XRD will strengthen the data obtained for stronger publications
on the RHEAs. The data obtained from ORNL will be analyzed to confirm or deny TRIP in the
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RHEAs, along with the possibility of twinning or other deformation mechanisms. High-

temperature mechanical testing will strengthen the results obtained for possible applications for

RHEAs and should be used to strengthen the report on the RHEA alloys tested.

RHEA Nanoparticles

The area of fabricating nanoparticles from RHEAs is a novel research area providing new
studies, such as the production of single-phase FCC nanoparticles from single-phase BCC alloys.
The hypothesis behind the RHEA nanoparticles being FCC can be investigated by fabricating new
RHEA nanoparticles from single-phase compositions that are further from having TRIP. These
alloys can be designed with a high positive value of the Gibbs Free Energy for the BCC to HCP
phase transformation. Once the single-phase presence has been studied, the fabricated
nanoparticles can be studied for uses in various catalytic reaction, specifically the CO and CO»

reduction reaction [38, 39].
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