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‘It is a truth universally acknowledged, that a single phase solid solution in possession of a good

number of constituent elements, must be in want of atomic ordering.’

B. E. Jolly



B. E. Jolly



Acknowledgements

It is a rare and wonderful thing to have the opportunity to acknowledge so many people for their

respective roles in my life. If I were to take nothing else from this experience, their support would

be more than enough.

I owe, of course, an enormous debt of gratitude to my supervisors and mentors for their guidance

over the four years of my doctoral research. Lewis - thank you for your genuine engagement with

my work, your care and consideration in my lowest moments, and your near-boundless scienti�c

enthusiasm. The uncountable hours perched in meeting rooms discussing the rotations of points in

space made all of the work in this thesis feel much less daunting. Kathy - without your original

suggestion that I could even attempt a PhD (never mind succeed in attaining one) I can con�dently

say that I would never have believed myself capable of producing this work. Your support has

continued beyond the pages of this thesis, and I consider myself all the more fortunate for it.

To those lucky few blessed with the opportunity to share an o�ce with me, I owe an apology:

I’m sure that your work would have been much more fruitful without my endless verbal nonsense.

But to all of you, I owe an equal thanks: to Fran - for keeping me grounded, for the camaraderie,

and for reminding me that life existed outside of the walls of H6; to Josh - for the laughs, the

football chatter, and the opportunity to throw my code at someone else for my own peace of mind;

to Matt - for the kindness, a sofa to sleep on, and somehow allowing me to return home in one

piece after sharing many, many hours of beam-time; and to Mimi - for the motivational speeches,

the generosity, and the lunch time inspiration. I’m not sure that I can fully express how much the

support from all of you has kept me going.

Beyond the con�nes of the Had�eld Building, I also want to express a brief thank you to the She�eld

community that kept me moving: to Mike - for our early-morning gym sessions, which will never

be surpassed; to Jacob - for being the wittiest verbal sparring partner, even when I needed a lighter

touch; and to Will - for your compassion, and your generosity. Without you all, She�eld would

not feel as close to home as it has done.

i B. E. Jolly



Further thanks are owed still, to the friends that have shaped me along the way, and in many cases

escaped the hills of South Yorkshire: to Sam - for being my bonus brother across the last decade of

our lives, through thick and thin; to Brenna - as my travel buddy, for your gentle and unwavering

friendship; to Jen - for never once letting me get too big for my boots, and still somehow making

me feel twice as tall; and to Al�e, Dom, and Joe - for somehow carrying me through the shared

gauntlet of an undergraduate Physics degree.

To the wider members of the MOSAIC Group: Niels, Joe, Tom, Erin, Greg - you have all kept me

sane at one time or another, in ways that I’m sure many of you haven’t even noticed. For this,

again, I am grateful. And to our Scandinavian contingent, I owe a further gratitude: Monika - for

the shared moments of insanity, and the moments of triumph that followed; Yao - for your patience,

as I tried to condense my work into something less incoherent to share with you; Tobias - for your

ever-sarcastic friendship, and agreeing to permanently ink yourself alongside me; and Veronica -

for your grace, your genuine compassion, and your wisdom. I hope that each and every one of you

understands the impact that you have had on me along the way.

Finally, of course, a note for my family, without whom I would not be where I am today. To

Sam and Phoebe - thank you for never taking me too seriously, and for (quietly) being my biggest

cheerleaders. I am phenomenally proud of the people that you are both becoming, and it has been

the privilege of a lifetime to watch you grow. And most importantly, to Mum and Dad - I can never

fully repay the debt that I owe to you for the life that you have given me. From the books read to

me as a child, to the hours wandering museum halls - you fostered in me the inquisitiveness and

the love for learning that I needed to make this possible. For all of the unconditional love, support

and motivation - I cannot thank you enough.

ii B. E. Jolly



Contents

1 Background 1

1.1 Short-Range Order . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Multi-Principal Element Alloys . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.3 Methods for the Elucidation of SRO . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.3.1 Predictive and Modelling Techniques . . . . . . . . . . . . . . . . . . . . . . . 4

1.3.2 Direct & Indirect Characterisation of SRO . . . . . . . . . . . . . . . . . . . . 6

1.4 Total Scattering & Pair Distribution Function Analysis . . . . . . . . . . . . . . . . 9

1.5 Quantifying SRO . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

1.5.1 Warren-Cowley Parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

1.5.2 Clapp Con�gurations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

1.6 SRO in MPEAs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

1.6.1 Existing Pair Distribution Function Analyses in MPEAs . . . . . . . . . . . . 19

1.7 Outline of work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

2 Experimental & Analytical Methods 22

2.1 Neutron Di�raction & Powder Metallurgy . . . . . . . . . . . . . . . . . . . . . . . . 22

2.1.1 Polaris, ISIS Neutron & Muon Source . . . . . . . . . . . . . . . . . . . . . . 22

2.1.2 Powder metallurgy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

2.2 Total Scattering Di�raction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

2.2.1 Mantid Processing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

2.2.2 GSAS-II . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

2.2.3 GudrunN . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

2.2.4 SToG . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

2.3 Structural Modelling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

2.3.1 PDFGui . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

2.3.2 RMCPro�le . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

iii B. E. Jolly



Contents

3 CrCoNi 34

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

3.2 Experimental Details . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

3.3 Data Processing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

3.3.1 Raw Data & Rietveld Re�nement . . . . . . . . . . . . . . . . . . . . . . . . . 39

3.3.2 GudrunN PDF Calculation & SToG Processing . . . . . . . . . . . . . . . . . 42

3.4 Modelling & Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

3.4.1 PDFGui: Small-Box Modelling . . . . . . . . . . . . . . . . . . . . . . . . . . 44

3.4.2 RMCPro�le: Large-box modelling . . . . . . . . . . . . . . . . . . . . . . . . 46

3.4.3 Clapp Con�gurational Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . 52

3.4.4 Further Modelling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

3.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

4 CrFeCoNi 75

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

4.2 Experimental Details . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

4.2.1 GSAS-II Re�nement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

4.2.2 GudrunN & SToG Processing . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

4.3 Modelling & Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

4.3.1 PDFGui: Small-Box Modelling . . . . . . . . . . . . . . . . . . . . . . . . . . 82

4.3.2 RMC �tting - random box, translations only (Grey Run) . . . . . . . . . . . 84

4.3.3 RMC �tting - translations and swaps (Colour Run) . . . . . . . . . . . . . . 85

4.3.4 Clapp Con�gurational Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . 89

4.3.5 RMC �tting - translations and swaps (Pastel Run) . . . . . . . . . . . . . . . 95

4.3.6 RMC �tting - full r-range . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

4.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

5 A Novel Analytical Framework for the Analysis of Atomic Short-Range Ordering107

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

5.2 Analytical Framework . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

5.2.1 Structuring .cif Files . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

5.3 Assumptions in the Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

5.3.1 Symmetry Operations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

5.4 Ordering Rules . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

5.4.1 Statistical Analysis of Atomic Con�gurations . . . . . . . . . . . . . . . . . . 118

5.5 Test Cases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

5.5.1 Ordering Transitions in Heusler Alloys . . . . . . . . . . . . . . . . . . . . . . 119

5.5.2 Cubic and Orthorhombic Perovskite Ordering . . . . . . . . . . . . . . . . . . 124

iv B. E. Jolly



Contents

5.5.3 Ordering in Doped Ceria . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

5.5.4 Tetragonal Systems (and Beyond) . . . . . . . . . . . . . . . . . . . . . . . . 128

5.6 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129

6 Conclusions & Future Work 131

6.1 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131

6.2 Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134

A Appendix 136

A.1 RMCPro�le Fitting Regimes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136

A.1.1 Grey atom runs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136

A.1.2 Colour atom runs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137

A.1.3 Pastel atom runs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138

A.2 Analysis Code . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139

v B. E. Jolly



List of Figures

1.1 The three commonly described forms of SRO: statistical, disperse, and micro-domain

models. The following work concerns itself primarily with a statistical description of

ordering behaviour. Figure provided by Owen et al. [4]. . . . . . . . . . . . . . . . . 2

1.2 A diagram demonstrating the coordination shells of a lattice in two-dimensions (Left)

and the associated peaks (coloured) of a simple PDF function (Right). Figure pro-

vided by Owen et al. [36]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

1.3 The oscillating Warren-Cowley parameters of a long-range ordered L12 structure to

a distance of 10 coordination shells. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

1.4 The enumerated atomic positions of an FCC unit cell (left) and associated, short

selection of Clapp labels for this system. . . . . . . . . . . . . . . . . . . . . . . . . . 15

1.5 A diagram demonstrating the link between the L12 structure and the C16 con�gu-

ration, as outlined by Clapp. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.1 A 
owchart demonstrating the various data processing stages associated with the

neutron total scattering process. Note: each stage here is presented for a speci�c

piece of software used for the work presented in this thesis. Alternative softwares

are available for the processing of neutron total scattering data, and are increasingly

employed by researchers. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

2.2 An overview of the RMCPro�le algorithm. . . . . . . . . . . . . . . . . . . . . . . . . 32

3.1 EDX Maps for the CrCoNi system as collected on the FEI Inspect F50; Cr, Co, and

Ni are presented sequentially from left to right. The system appears to be single

phase, randomly distributed and homogeneous as expected. . . . . . . . . . . . . . . 38

3.2 Temperature pro�le for the neutron total scattering experiment performed using the

CrCoNi ternary alloy. The dashed line indicates a break in time, as the prior room

temperature dataset remains unused. . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

vi B. E. Jolly



List of Figures

3.3 Raw normalised neutron di�raction data in Q-units for the CrCoNi system across

a temperature range of 300 - 1200 K, as taken from Bank 5 of the Polaris Di�rac-

tometer. Left: Data presented for all temperature datasets over the full range in Q;

Right: A slice of the data (Q=5.8-6.2 �A�1) demonstrating the shift in peak position

with temperature. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

3.4 Top: An example of Rietveld re�nement for the CrCoNi system at 4.2 K, as taken

from Bank 5 of the Polaris Di�ractometer. Note the discrepancy in the di�erence

plot, an inherent feature of TOF di�ractometers. Comparison plots of enhanced

con�gurations for CrFeCoNi across the 300 - 1273 K temperature range. Bottom:

Fitted trends between 4.2-300K for the lattice parameter, a (Left), and thermal Uiso

parameter (Right) in the CrCoNi ternary alloy. Errors for the lattice parameter are

also present, but negligible. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

3.5 Left: G(r) PDFs to 22 �A as produced by GudrunN for the CrCoNi system at 4.2 K

and 300 K; Right: A section of each PDF overlaid for comparison - note the peak

broadening at 300 K associated with thermal o�site displacements. . . . . . . . . . . 42

3.6 Left: SToG calculated G(r) PDFs for the CrCoNi ternary alloy at 4.2 K across a

range of Qmax values (30 - 40 �A�1); Right: A comparison of PDFs when using end-

member Qmax values, and the selected 36�A. Note the increase in Fourier ripples for

the 40�Acase. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

3.7 Fitted trends between 4.2-300K for the lattice parameter, a (Left), and thermal U

parameter (Right) in the CrCoNi ternary alloy, as produced by PDFGui. Errors are

present, but are negligible. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

3.8 PDFGui �t to experimental data for the CrCoNi system at 4.2 K; the associated

di�erence plot is presented below. Minor discrepancies between the experimentally

derived and calculated PDFs may indicate uncaptured chemical short range order

e�ects. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

3.9 The results of �2 �tting for the CrCoNi system using a single atom type. (‘grey’

�tting). The top image contained a signi�cant anomaly, which was removed to

produce the �gure below. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

3.10 RMCPro�le calculated best-�t for the CrCoNi system as modelled with a single atom

type (‘grey’ �tting), using a scale value of 0.92 and a resolution correction value of

0.03. As demonstrated by the di�erence plot, there are discrepancies in the �t over

the entire 40�A r-range, likely caused by chemical ordering e�ects not captured by

grey �tting. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

vii B. E. Jolly



List of Figures

3.11 A �2 plot for the CrCoNi system produced by RMC �tting out to 10�A using a range

of scale (0.80-1.20) and resolution correction (0.020-0.030) parameters. Due to the

low r-range for �tting, the resolution correction parameter has a minimal e�ect on

�tting, leading to the strongly parabolic trend in scale. . . . . . . . . . . . . . . . . . 49

3.12 A �2 plot for the CrCoNi system produced by RMC �tting out to 40�A using a range

of scale (0.80-1.20) and resolution correction (0.020-0.030) parameters. Due to the

low r-range for �tting, the resolution correction parameter has a minimal e�ect on

�tting, leading to the strongly parabolic trend in scale. . . . . . . . . . . . . . . . . . 50

3.13 A �2 plot for the CrCoNi system produced by RMC �tting out to 15�A using a range

of scale (0.80-1.20) and resolution correction (0.020-0.030) parameters. Due to the

low r-range for �tting, the resolution correction parameter has a minimal e�ect on

�tting, leading to the strongly parabolic trend in scale. Note: The spike in �2 value

observed at a scale value of approximately 1.10 is an anomalous result, assumed to

be caused by a false minimum result when �tting. . . . . . . . . . . . . . . . . . . . 51

3.14 Left: The large-box model for the CrCoNi system at 4.2 K as simulated by RMCPro-

�le (scale = 0.92, resolution correction = 0.029); Right: The o�site displacement for

this model - atoms are collapsed back on to a single ideal unit cell position, and

demonstrate an approximately Gaussian distribution. . . . . . . . . . . . . . . . . . . 51

3.15 The RMCPro�le calculated PDF for the CrCoNi system at 4.2 K, using a full-colour

�tting regime over 15�A. Note the improvement of the di�erence plot to prior �tting,

demonstrating a superior solution to grey �tting over 40�A. . . . . . . . . . . . . . . . 52

3.16 Histograms of enhancement factors, �, for the CrCoNi system at 4.2 K. . . . . . . . 54

3.17 The C16 Clapp con�guration, and its relation to the L12 long-range ordered structure. 55

3.18 The C16 Clapp con�guration, and its relation to the C7, C34 and C58-59 con�gu-

rations. Here, the coloured (purple) positions represent dislike atomic occupations,

while white positions represent like atomic positions. Enhancements to these con-

�gurations follow a progression of chemical occupation that can be mapped in a

‘degradation tree’. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

3.19 Mapped Distributions of atoms associated with enhanced L12 con�gurations. The

lack of clustering or overlap suggests that Cr and Co atoms distribute distinctly from

one another. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

3.20 A degradation tree of enhanced con�gurations for the CrCoNi system, demonstrat-

ing the compositional links between major enhanced con�gurations and the L12

structure. Each row contains con�gurations with equal numbers of dislike nearest

neighbour atoms. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

viii B. E. Jolly



List of Figures

3.21 Histograms of enhancement factors, �, for the CrCoNi system at 4.2 K, providing a

comparison between ‘pastel’ binary �tting (Left) and the original multi-atom ‘colour’

�tting (Right). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

3.22 Histograms of averaged enhancement factors, �, for the equiatomic CrCoNi system

at 300 K as generated by ML potentials. . . . . . . . . . . . . . . . . . . . . . . . . . 63

3.23 Histograms of averaged enhancement factors, �, for the non-equiatomic CrCoNi sys-

tem at 300 K as generated by ML potentials. . . . . . . . . . . . . . . . . . . . . . . 64

3.24 The C17 Clapp con�guration and its associated D022 long-range ordered structure. . 65

3.25 The C32 con�guration. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

3.26 Histograms of averaged enhancement factors, �, for the equiatomic CrCoNi system

at 300 K as generated by RMCPro�le. . . . . . . . . . . . . . . . . . . . . . . . . . 67

3.27 Histograms of averaged enhancement factors, �, for the non-equiatomic CrCoNi sys-

tem at 300 K as generated by RMCPro�le. . . . . . . . . . . . . . . . . . . . . . . . 68

3.28 A frequency map demonstrating the number of times a given ratio of bB

bA
to bC

bA
may

occur within the bounds of known neutron scattering lengths for transition metals. . 69

3.29 The results of �2 �tting for the CrCoNi system using all paired values of bB

bA
and bC

bA

pair neutron coe�cient ratios. No clear pattern emerges from the �tting. . . . . . . . 70

3.30 Calculated pairwise Warren-Cowley parameters for the CrCoNi system at 4.2 K,

demonstrating the oscillatory e�ect most commonly associated with L12 structures. . 71

3.31 Calculated pairwise Warren-Cowley parameters for the CrCoNi system at 300 K; note

the ‘dampened’ oscillatory e�ect, likely demonstrating strong, short-range ordering

e�ects. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

4.1 In-house EDX compositional results for the CrFeCoNi system, demonstrating the

homogeneity of the system over 1mm2. . . . . . . . . . . . . . . . . . . . . . . . . . . 77

4.2 Temperature pro�le for the CrFeCoNi neutron total scattering experiment as per-

formed at the Polaris Di�ractometer of the ISIS Neutron & Muon Source (Oxford-

shire, UK). The dashed vertical line corresponds to a break in the experiment, as the

sample was re-assessed at room temperature at a later time. . . . . . . . . . . . . . . 78

4.3 Rietveld re�ned neutron total scattering F((Q)) data for the CrFeCoNi system at

300 K, as taken from Bank 5 of the Polaris Di�ractometer (ISIS Neutron & Muon

Source, UK). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

4.4 Fitted trends between 300-1273 K for the lattice parameter, a (Left), and thermal Uiso

parameter (Right) in the CrFeCoNi quaternary alloy. Errors for both parameters are

also present, but negligible. Both �gures demonstrate the expected linear relationship

with increased temperature. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

ix B. E. Jolly



List of Figures

4.5 Left: G(r) PDFs to 40 �Aas produced by GudrunN for the CrCoNi system at 300 K

and 1200 K; Right: A section of each PDF overlaid for comparison - note the peak

broadening at high temperature due to thermal o�site displacement e�ects. . . . . . 81

4.6 Left: SToG calculated G(r) PDFs for the CrFeCoNi ternary alloy at 300 K across

a range of Qmax values (30 - 40 �A); Right: A comparison of PDFs when using end-

member Qmax values, and the selected 36 �A. . . . . . . . . . . . . . . . . . . . . . . . 81

4.7 Fitted trends between 300 - 1200K for the lattice parameter, a (Left), and thermal

U parameter (Right) in the CrFeCoNi quaternary alloy, as produced by PDFGui.

Errors are present, but are negligible. . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

4.8 PDFGui �t to experimental data for the CrFeCoNi system at 300 K; the associated

di�erence plot is presented below. Minor discrepancies between the experimentally

derived and calculated PDFs may indicate uncaptured chemical short range order

e�ects. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

4.9 Results of ‘grey’ RMC �tting over 15�Afor the CrFeCoNi system at 300 K, when

varying the scale (0.90-1.20) and instrument resolution correction parameters (0.02,

0.025, 0.029). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

4.10 RMCPro�le calculatedG(r) for the CrFeCoNi system at 300 K as modelled with a

single atom type (‘grey’ �tting). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

4.11 Results of ‘grey’ RMC �tting over 15�A for the CrFeCoNi system at 300 K, when

varying the scale (0.90-1.20) and instrument resolution correction parameters (0.02,

0.025, 0.029) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

4.12 Results of ‘grey’ RMC �tting over 40�A for the CrFeCoNi system at 300 K, when

varying the scale (1.01-1.13) and instrument resolution correction parameters (0.02,

0.025, 0.029), containing the double-minima solutions. . . . . . . . . . . . . . . . . . 87

4.13 Left: The large-box as produced by RMCPro�le �tting for the CrFeCoNi system at

300 K over 15 �A, using a scale value of 1.03 and a resolution correction value of 0.025;

Right: The o�site displacements for this large-box, demonstrating an approximately

gaussian - and therefore random - distribution. . . . . . . . . . . . . . . . . . . . . . 88

4.14 The RMCPro�le �tted PDF for the CrFeCoNi system at 300 K over 15 �A. The

di�erence plot is, in this instance, essentially featureless. . . . . . . . . . . . . . . . . 88

4.15 Histograms of the pseudo-binary enhancement factors for atomic con�gurations in

the CrFeCoNi system at 300 K; the large-box for this run was generated using a scale

factor of 1.09 and a resolution correction parameter of 0.025. Errors are produced

as a standard deviation across 40 simulated boxes. . . . . . . . . . . . . . . . . . . . 90

4.16 The structure of the CrFeCoNi system, as determined via pseudo-binary analysis. . . 91

x B. E. Jolly



List of Figures

4.17 Mapped Distributions of atoms associated with enhanced L12 con�gurations. The

lack of clustering or overlap suggests that Cr and Fe atoms distribute distinctly from

one another. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

4.18 Comparison plots of enhanced con�gurations for CrFeCoNi across the 300 - 1273 K

temperature range. As is evident, the 1273 K case counter-intuitively demonstrates

the greatest degree of ordering, though at 973 K the material shows disordering and

re-ordering in line with expected thermodynamic behaviours. . . . . . . . . . . . . . 94

4.19 Histograms of the pseudo-binary enhancement factors for atomic con�gurations in

the CrFeCoNi system at 300 K when using ‘pastel �tting’; the large-box for this run

was generated using a scale factor of 1.09 and a resolution correction parameter of

0.025. Errors are produced as a standard deviation across 10 simulated boxes. . . . . 97

4.20 Con�gurational enhancements for the (Cr-Co):(Fe-Ni) pseudo-binary, as produced

by pseudo-ternary �tting of the CrFeCoNi system at 300 K (scale = 1.09, resolution

correction = 0.025). The �t to the data was produced using three atom types: Cr,

Co, and ‘X’ (Fe and Ni combined). . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

4.21 Comparison between con�gurational enhancements for the ordered pseudo-binaries

in the CrFeCoNi system at 300 K when �tting over 15 �A (Left) and 40 �A (Right)

(scale = 1.11, resolution correction = 0.022). The similarity between the datasets

provides con�dence in the �nal results outlined above. . . . . . . . . . . . . . . . . . 99

4.22 Comparison between con�gurational enhancements for the ordered pseudo-binaries

in the CrFeCoNi system at 300 K when �tting over 15 �A (Left) and 40 �A (Right)

(scale = 1.04, resolution correction = 0.028�A�1). Though providing the second �2

minimum of the 40 �A �tting, the enhancements in the structure are less well de�ned. 102

4.23 Warren-Cowley parameters as calculated for a CrFeCoNi large-box at 300 K, pro-

duced using a scale value of 1.09 and a resolution correction value of 0.025. The

oscillatory behaviour within the �rst few coordination shells indicates strong local

ordering e�ects. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

5.1 A demonstration of the opposite binary occupations for con�gurations and their

negative counterparts. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

5.2 A 
ow chart demonstrating the stages of generating con�gurational dictionary �les

for the new analytical framework. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

5.3 A 
ow chart demonstrating the analysis of large-box models produced by RMCPro�le

using the dictionary �les generated by the new analytical method. . . . . . . . . . . 112

5.4 A graphical representation of an applied four-fold series of 90� rotations about the

y-axis, demonstrating the manner in which the labelled atomic positions alternate.

This is integral to later interpretation of dislike nearest neighbour occupations. . . . 114

xi B. E. Jolly



List of Figures

5.5 A comparison of Clapp’s atomic labelling convention (Left) and that of the new

framework (Right). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

5.6 The binary L10 structure, possessing A and B sub-lattices (Left), and an example of

substitution on to a single sublattice by a third constituent atom type (Right). . . . 116

5.7 The enumerated con�gurations for a single sub-lattice of the L10 system. . . . . . . 117

5.8 A diagram illustrating the pathway for the A2-B2-Heusler ordering transition in a

ternary alloy system, as in the case of Fe2V Al. . . . . . . . . . . . . . . . . . . . . . 119

5.9 Enhanced con�gurations per pseudo-binary for the Fe2VAl system, as it undergoes

transition from the A2 phase to the fully ordered Heusler phase, using the con�gu-

rational dictionaries generated by the A2 structure. . . . . . . . . . . . . . . . . . . . 122

5.10 The major enhanced con�gurations of the Heusler system as produced by the A2

dictionaries (i.e. demonstrating a BCC-type structure. . . . . . . . . . . . . . . . . . 123

5.11 Enhanced con�gurations for both the B2 and Heusler phases of the Fe2VAl system,

using the con�gurational dictionaries generated by the B2 structure. The B2 pos-

sesses two sub-lattices - one for the Fe atoms, and one for the Al and V atoms.

Con�gurational analysis for single-atom sub-lattices is trivial; the Al:V sub-lattice

pseudo-binary therefore contains all of the relevant information for this system. . . . 123

5.12 The three most common ordered-perovskite structures; ordering is presented on the

A-site, though both A- and B- site ordering is possible. . . . . . . . . . . . . . . . . . 124

5.13 Enhanced con�gurations for the ordered Perovskite structures. . . . . . . . . . . . . 125

5.14 The major enhanced con�gurations for the rock salt (C-1), layered (C3), and colum-

nar (C-3) perovskite structures, from right to left. . . . . . . . . . . . . . . . . . . . 125

5.15 The modelled structures of cerium zirconium oxide, with associated labelling for

atomic occupations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

5.16 Enhanced con�gurations for the various structural models of cerium zirconium oxide

and an example of the C82 con�guration for the ordered structure. . . . . . . . . . . 127

5.17 The primitive tetragonal structure, and its associated nearest neighbour con�gura-

tional shape. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128

xii B. E. Jolly



List of Tables

5.1 A table demonstrating the labelling system employed by Clapp, highlighting the al-

ternating ascending and descending pattern applied to the occupation of coordination

shells for an FCC system. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

5.2 A table enumerating the con�gurations for the tetragonal crystal system, with total

composition and multiplicity to demonstrate associated ordering rules. . . . . . . . . 129

xiii B. E. Jolly



Glossary of Acronyms

(C)SRO - (Chemical) Short Range Order

LRO - Long Range Order

MPEA - Multi-Principal Element Alloy

HEA - High Entropy Alloy

CCA - Complex Concentrated Alloy

DFT - Density Functional Theory

SQS - Special Quasirandom Structures

ML - Machine Learning

WC - Warren-Cowley (Parameter)

(HR/S)TEM - (High-Resolution/Scanning) Transmission Electron Microscopy

EDS/EDX - Energy Dispersive (X-ray) Spectroscopy

EXAFS - Extended X-ray Absorption Fine Structure Spectroscopy

NMR - Nuclear Magnetic Resonance

APT - Atom Probe Tomography

(R)MC - (Reverse) Monte Carlo

FCC - Face Centred Cubic

BCC - Body Centred Cubic

MSAD - Mean-Squared Atomic Displacements

HAADF - High Angular Annular Dark Field

CTE - Charge Transfer E�ect

PDF - Pair Distribution Function

FWHM - Full Width Half Maximum

TOF - Time of Flight (Di�ractometer)

Mantid - Manipulation & Analysis Toolkit for Instrument Data

GSAS(-II) - General Structure Analysis System (-II)

ICSD - Inorganic Crystal Structure Database

SToG - S(Q) to G(r)

xiv B. E. Jolly



List of Tables

(I)FFT - (Inverse) Fast Fourier Transform

ICP-OES - Inductively Coupled Plasma Optical Emission Spectroscopy

CIF - Crystallographic Information File

xv B. E. Jolly



List of Tables

xv B. E. Jolly



Abstract

‘Short-range order’ (SRO) - preferential atomic ordering behaviour deviating from a statistically

random distribution of elements within a local region - is acknowledged across the literature as

a contributor to the mechanical properties of crystalline materials. Multi-principal element alloys

(MPEAs) may possess some form of statistical SRO, evidenced by their unique properties. Analyt-

ical complexities, however, have hindered e�orts to quantify and describe atomic ordering. While

local order has been identi�ed in binary alloys, the e�cacy of the method is not established for

chemically complex systems.

This work seeks to develop a novel analytical method for the investigation of SRO in multi-principal

element alloys (MPEAS) using total scattering. Firstly, neutron total scattering data is used to

perform pair distribution function analysis on the CrCoNi MPEA. Modelling of the CrCoNi system

to cryogenic temperatures demonstrates the local formation of the L12 structure.

Analysis of the CrFeCoNi MPEA is subsequently performed. This investigation is used to demon-

strate the increase in analytical complexity with increased quantities of constituent elements, and

provides a logical step towards the analysis of traditional ‘high-entropy alloy’ (HEA) systems.

Through a neutron total scattering investigation at raised temperatures, it is shown that the Cr-

FeCoNi alloy also presents with a local L12 structure.

Finally, a novel framework for the investigation of SRO is presented. Building on the prior methods,

this framework has been used to generate an associated software available for use across a range

of crystal structures. Test cases are presented from a variety of material domains as a proof of

concept.

In summary, this work shows the e�ectiveness of the total scattering and large-box modelling

method in the investigation of atomic SRO in chemically complex materials. It is hoped that the

successful development of novel, generalised analytical methods will provide the crystallographic

community with the tools to investigate SRO more widely.
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Chapter 1

Background

1.1 Short-Range Order

It is commonly accepted in the metallurgical literature that purportedly ‘randomly distributed’,

single-phase alloys are likely to possess some degree of atomic-scale ordering. In an ideal metallic

solid solution, ordering transitions are accepted to occur across temperature regimes: at very high

temperatures, the entropic term of the Gibbs free energy dominates the enthalpic term, maximising

the randomness of atomic distributions; as the temperature of the sample is reduced, enthalpy

begins to dominate the system, and preferential ordering is introduced. It is within this enthalpic

region that the long-range crystallographic structures typically associated with metallic materials

form [1].

Historically, solid solutions in the entropy-dominant region have been assumed to possess an entirely

(statistically) random distribution of constituent elements. The transition from entropy-driven to

enthalpy-driven atomic ordering behaviour has, by extension, typically been treated as an instan-

taneous boundary - i.e. as a �rst order phase transition - whereby atoms order themselves from

the disordered state immediately upon cooling beyond the critical temperature. In this model,

limited consideration is given to the intermediary stages of ordering - the formation of locally or-

dered regions within an otherwise seemingly ‘random’ distribution of constituent elements. This

intermediate ordering stage is known as ’Short Range Order’ (SRO).

SRO - also referred to in the literature as ‘chemical short-range order’, or CSRO - may be de�ned

as the preferential nearest-neighbour occupancy of atoms to within a few coordination shells, in a

manner not easily predicted by basic probabilistic modelling [2], [3]. Where basic models might

assume that preferential ordering in a random solid solution would be dictated entirely by the
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Chapter 1. Background

Figure 1.1: The three commonly described forms of SRO: statistical, disperse, and micro-domain
models. The following work concerns itself primarily with a statistical description of ordering
behaviour. Figure provided by Owen et al. [4].

proportion of a given element in that material, SRO-type behaviours are more complex. Though

three forms of SRO have historically been described - micro-domain and disperse ordering poten-

tially falling into this category under certain descriptions - the following work will concern itself

primarily with statistical SRO descriptions (Figure 1.1). This ordering stands in contrast to more

well-researched long-range ordered (LRO) structures - such as the crystallographic periodicity of

traditional metallic systems - occurring instead over distances on the scale of interatomic distances.

Given the relative disparity in research on the formation and mechanical behaviours of LRO struc-

tures versus the presence of SRO, it is no surprise that the overall impact of SRO on the performance

of alloys is less well understood. It has long been suggested that retained SRO can impact physical

properties - including yield strength, dislocation motion, and resistance to radiation damage - with

limited empirical evidence for this assertion presented simultaneously [5][6].

As a brief aside, it should be clari�ed that the short-range order discussed in the following work refers

speci�cally to atomic occupation on a crystalline lattice, and is distinct from the positional short-

range order more widely discussed in the �eld of glasses [7]. Additionally, it is worth highlighting

the ongoing debate within the wider community on the de�nition of SRO itself. SRO, as a term,

has been used to describe nano-regions of ordered domains - perhaps the nucleation point for many

LRO structures - or even local clusters of like atomic species. The question remains, then, as to the

size or scale at which a short-range ordered region is deemed to have become a long-range ordered

structure, or phase. A statistical description of order concerns the manner in which the nominal

stoichiometry of a given material di�ers from the proportion of atoms in a given coordination shell

about a given lattice site. A disperse model of order might possess a nanoscale region of order with

a stoichiometry that does not match the stoichiometry of the remaining lattice; a micro-domain,
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on the other hand, will possess an ordered region with an equivalent stoichiometry to the wider

lattice, di�ering only by the extent of ordering in that region.

Ultimately, the following work opts to use the local, statistical de�nitions of SRO presented above

to describe homogeneous chemical short-range order.

1.2 Multi-Principal Element Alloys

Multi-Principal Element Alloys (MPEAs) are an emerging class of specialised alloy systems, typi-

cally comprising three or more metallic elements in solid solution at near-equiatomic concentrations.

Variously also known as High-Entropy Alloys (HEAs) or Complex Concentrated Alloys (CCAs),

these systems have gained signi�cant traction across a range of technical applications for their

wide compositional space and associated - often unique - mechanical properties [8], [9], [10]. The

random distribution of constituent elements is believed to favour the formation of a single-phase

solid solution above the formation of potentially deleterious intermetallic phases, through entropy

stabilisation, by extension providing enhancement to existing macroscopic behaviours [11].

High Entropy Alloys were �rst deliberately synthesised and reported upon by Yeh et al. [12] and

Cantor et al. [13] in 2004. Yeh initially established a series of ‘governing principles’ for these new

materials, in an attempt to explain the origins of their impressive mechanical response. For success,

each alloy must necessarily possess:

1. High con�gurational entropy - driven by compositional complexity - leading to the formation

of single-phase solid solutions.

2. A severely distorted lattice, primarily caused by the di�erence in atomic radii of constituent

elements.

3. Sluggish di�usion kinetics, caused by the formation of local, low-energy di�usion traps.

4. A poorly de�ned, so-called ‘cocktail e�ect’, providing additional enhancement to mechanical

properties.

Though the validity of these principles will be discussed in the following sections, they continue

to in
uence thinking under the MPEA banner. In particular, it can be quickly noted that three

of the four ‘tenets’ concern the local behaviour of constituent elements. The purportedly ‘high

entropy’ of constituent atomic species and lattice distortion e�ects are governed entirely by atomic

distributions; these distributions are believed to give rise in turn to increased normalised activation

energies for di�usion phenomena [14], [15]. The requirement for high entropy speci�cally necessitates

the random distribution of constituent elements in solid solution: the enthalpic contributions to

the Gibbs free energy may only be overcome if the con�gurational entropy of the system is high.
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The supposed randomness of atomic distribution ultimately creates friction with a more modern

understanding of atomic dynamics and the probabilistic modelling brie
y touched upon in Section

1.1. The description of randomness in such systems has been acknowledged as an oversimpli�cation

for many years, and the likely presence of SRO has, by extension, been an accepted but largely

untested phenomenon. Furthermore, the SRO hypothesised in MPEAs has been proposed as a

potential origin for many of the remarkable mechanical properties of the alloys [16], though to date

many of these suggestions remain empirically unproven.

1.3 Methods for the Elucidation of SRO

The absence of any formal, de�nitive experimental determination of SRO in MPEAs is not for

lack of investigation. Broadly, the existing investigations into atomic ordering behaviours in ran-

dom solid solutions may be divided into three approaches: predictive and modelling techniques,

used to preempt the existence of SRO; inference of SRO via indirect characterisation; and direct

experimental characterisation.

1.3.1 Predictive and Modelling Techniques

As a generalisation, the majority of existing studies on SRO-type behaviours in MPEAs are predic-

tive in nature. Nonetheless, such studies represent an excellent starting position for the investigation

of SRO, not least because they can provide interesting insights into macroscopic material responses.

Models can range in complexity, from simple empirical models to more complex, �rst-principles cal-

culations. Simpli�ed empirical models, for instance - such as those used to calculate atomic size

mismatch - have been used in a number of studies to establish local lattice e�ects and their impact

on mechanical properties [17].

The most common form of predictive modelling in the investigation of local chemical ordering is

Density Functional Theory (DFT) [18]. Ab initio (‘from �rst principles’) calculations are performed

to predict material behaviours via the simulation of electronic structure. Structural properties may

be reconstructed through the iterative application of summed potentials and exchange-correlation

functionals to a given model. As a method for the analysis of atomic behaviours, DFT is often well

regarded, and many existing studies have shown strong agreement with experimentally observed

mechanical properties. It remains, however, predictive in nature - it cannot provide more than an

approximation of atomic structure, even at its most complex. It is limited by the size and complexity

of its models - as the computational requirements for larger, more chemically complex structures

rapidly escalate - making it a poor predictor for MPEAs in particular. E�orts have been made to

adapt the method for this exact purpose, with the introduction of Special Quasirandom Structures

(SQS) [19] and machine learning (ML) potentials trained on larger models [20], [21]. These ML
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potentials are computational models that use ML algorithms - trained on high-accuracy quantum

mechanical data - to predict the forces and energy between atoms, thereby allowing reconstruction

of atomic ordering.

The method is still severely limited by standard computational restrictions, largely due to the

increased size of model required for simulation; traditional DFT methods typically use boxes con-

taining a few hundred atoms, while ML methods employ boxes containing tens of thousands of

atoms.

5 B. E. Jolly



Chapter 1. Background

1.3.2 Direct & Indirect Characterisation of SRO

Indirect Characterisation

The other two forms of characterisation - both direct and indirect - are both experimentally derived,

but di�er signi�cantly in their impact and reliability. The inference of SRO is perhaps as widespread

as the use of predictive modelling methods, and has a long-standing history in the metallurgical

literature. The correlation between material properties and atomic structure is well established,

and it therefore follows that local or short-range atomic structure has a non-negligible impact on

mechanical response. [22]

Inferential studies, however, can never be used to conclusively describe local atomic ordering. A

complete description of SRO-type behaviours would ideally include a qualitative description of the

atomic motifs most commonly encountered in a given material, parallel to any numerically quanti-

tative description. Many current indirect characterisation techniques reduce the description of SRO

to a single, one-dimensional parameter or value, immediately averaging the overall result and remov-

ing any spatial component to the distribution of atomic species. To resolve this concern, a number

of characterisation techniques have been developed to directly probe local chemical environments.

Transmission Electron Microscopy (TEM)

As mentioned brie
y above, many existing TEM studies make use of inferential analysis to establish

the presence of SRO in metallic samples [23]. The technique cannot, however, physically demon-

strate ordering at the level of individual atoms. With the increasing resolution of modern electron

microscopes, it is not unreasonable to suggest that the technique will increasingly feature in lo-

cal structural investigations - and indeed has already been used to demonstrate order via atomic

column mapping, outlined below - but the likelihood of using TEM analysis in isolation without

supporting evidence is slim.

The same may be said of EDS line-scanning using TEM instruments. EDS - or Energy Dispersive

X-ray Spectroscopy - is a form of characterisation used to analyse the chemical composition of thin

samples. As the TEM beam is passed over the sample, the electrons interact with the internal

structure of the material, producing characteristic X-rays. The wavelengths of these X-rays are

unique to a given chemical species, this technique may be used to identify the presence of particular

atoms, or their variation over a region [24]. In the case of line-scanning, the beam is passed over the

material in a straight line, e�ectively providing information on the average variation in chemical

composition over a region. In this fashion, it has been used at higher resolutions to suggest the

local atomic bonding preferences of metallic materials. The technique is, however, ultimately an

averaging of chemical concentration for a given atomic column, and corrections for X-ray intensities

are likely to introduce further complexity. With information provided in only a single dimension -
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i.e. variation along the scanning direction - it is di�cult to assess local atomic con�gurations with

any degree of certainty.

As a �nal note on TEM analysis, a recent study by Walsh et al. sought to reappraise the e�cacy of

investigating SRO through analysis of di�use streaking in TEM images [25]. In doing so, the group

found that such di�use ‘wings’ cannot be exclusively linked to atomic ordering behaviours. Instead,

Walsh suggests that ‘symmetry-breaking e�ects’ - a broad ranging group of potential phenomena -

may also explain their presence, placing many existing studies under increased scrutiny. Further to

this, investigations by Coury et al. expand upon this idea considerably, attributing the presence of

di�use scattering to internal re
ections: �rst-order Laue zones lying just above or below the extent

of the Ewald sphere of the beam. Samples that are not su�ciently prepared - i.e. those that were

too thin, or containing atoms of approximately equal scattering lengths - would therefore produce

a greater degree of ‘di�use’ scattering, thereby calling existing ‘evidence’ for SRO into question.

Extended X-ray Absorption Fine Structure (EXAFS) Spectroscopy

Extended X-ray Absorption Fine-Structure Spectrocopy - frequently abbreviated to EXAFS - is

an increasingly common form of analysis used to identify or corroborate the presence of SRO in

materials. The technique is particularly useful for the analysis of ordering over very short-distance,

and is typically limited to information within the �rst nearest-neighbour shell. EXAFS is used to

analyse the so called ‘�ne structure’ just above the X-ray absorption edge of the material ; these

edges are a consequence of incident photons matching the binding energy speci�c to a given atom

type. By extension, it is therefore possible to assess the local region around atoms of a speci�c

chemical species [26].

While this form of analysis may represent a powerful tool for the study of local structure in simple

materials, and has been rapidly adopted by the community, its use in the analysis of complex

structures is not well supported. Chemically complex systems, such as MPEAs or other materials

with many constituent elements, require equivalently complex analysis [27]. In many cases, the

overlap of X-ray absorption edges between chemical species has a deleterious e�ect on the quality

of the data produced by the technique [28]. It is also worth noting that quantitative analysis -

speci�cally obtaining highly accurate values for parameters like the coordination number and the

Debye-Waller factor - is inherently di�cult. For this reason, it has not been used to great e�ect in

the study of local order in MPEAs.

Nuclear Magnetic Resonance (NMR)

Nuclear Magnetic Resonance (NMR) spectroscopy is a further method sometimes used in the anal-

ysis of crystalline materials. A number of studies, however, have used the technique to investigate

local structure and ordering behaviours [29]. Atoms held in a constant magnetic �eld align the
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magnetic spins of their nuclei; a second, weaker oscillating magnetic �eld is then applied to the

system, disturbing this alignment and causing the emission of characteristic radiation according to

the species of the nuclei. Such characteristic radiation possesses a shift in energy, brought about

by shielding - the interaction of the electron �eld with the nuclear �eld - that is characteristic of

the local environment. This can then be subsequently used to generate chemical spectra for a given

material, ultimately providing insight on composition and structure.

Given the requirement for atoms with non-zero spin quantum numbers to perform this type of

characterisation, many MPEAs are not easily analysed in this manner. MPEAs do not often

contain spin-active elements, and those with zero spin do not possess the pre-requisite magnetic

dipole moment for perturbation. NMR spectroscopy may, however, still provide key information on

the prevalence of speci�c bonding pairs: each bonding type possesses an energy range over which an

NMR peak may be observed [30]. Though a useful indicator of potential local ordering preferences,

the technique is limited to a distance of only a few coordination shells from a given atom of interest,

reducing its e�cacy in determining statistical SRO-type behaviour. [31]

Atom Probe Tomography (APT)

Atom Probe Tomography (APT) is a local characterisation technique used to assess atomic struc-

tures and chemical variations over small, three-dimensional volumes (less than 50,000nm3). Given

that this is close to atomic-scale resolution, it stands to reason that the technique can be used e�ec-

tively in the analysis of SRO. Specimens are shaped into atomically-thin needles (tip radii typically

formed in the range of 50-100nm), and placed under a strong electric �eld at cryogenic tempera-

ture. A high voltage is then passed through the tip, ionising the surface atoms of the material. The

atoms themselves then ‘�eld evaporate’, overcoming their binding energy and accelerating away

from the tip towards detectors. These detectors can then identify the original location and species

of the atom, producing a three-dimensional reconstruction of the tip at the atomic scale from many

two-dimensional images of atomic ‘layers’ [32].

Though an excellent tool for the discernment of chemical segregation in three-dimensional space

- potentially providing a wealth of local structural information - the technique is, by de�nition,

destructive. It is therefore a moderately costly technique, even for the small samples associated

with the analysis. Equally, it is not straightforward to assess non-chemical local structural e�ects,

such as o�site displacements; many studies therefore combine its use with TEM techniques for

broader crystallographic analysis. As a �nal note, there is an inherent di�erence between the

resolution produced in the z ‘depth’ direction versus that of the x or y; depth resolution is achieved

through precise time-of-
ight measurement, while the lateral resolution is reduced by trajectory

aberrations, predominantly caused by tip geometry. [33]
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1.4 Total Scattering & Pair Distribution Function Analysis

The development of Total Scattering - both using neutrons and X-rays as incident radiation sources

- presents a considerable opportunity to address the concerns of existing characterisation techniques.

Though a long-standing form of direct structural characterisation in the study of amorphous glasses

and non-crystalline solids, its application to metallic systems is a comparatively recent development

[34].

The basis of total-scattering di�raction is the combination of traditional Bragg peak analysis with

a simultaneous evaluation of di�use scattering data to establish local structural information. When

performing a traditional di�raction analysis on an ideal, ordered crystal lattice, sharp di�raction

maxima are brought about by constructive interference according to Bragg’s Law. Di�use scat-

tering, however, has been suggested to be caused by local deviations in the lattice. Both static

displacement and chemical variation - i.e. e�ects that break the perfect periodicity of the lattice -

can cause the ‘imperfect’ scattering of incident radiation over short distances. In reciprocal space,

long-range real-space features demonstrate narrow di�raction peaks; such short-range real-space

features, then, appear as broad, di�use signals such as discs, or streaking.

Di�use scattering - for all of the complexities involved in its analysis - may therefore be indicative of

SRO-type behaviour; taken in tandem with traditional crystallographic information, it is therefore

possible to reconstruct the likeliest atomic structure for a given material to a distance of many

coordination shells. The following work will primarily focus analysis on the use of neutron total

scattering. For neutrons, the basic scattering function [35] is given by:

S( ~Q) =
1

N

X
i;j

h bibj exp i ~Q:(~ri � ~rj)i (1.1)

where ~Q is the scattering vector, or momentum transfer, of incident neutrons; N is the number of

atoms in the system (or more generally, the number of ‘scattering objects’); ~r the instantaneous

position of atoms; b is the atomic scattering length; and i and j are atomic labels. To be entirely

clear, bi is therefore the atomic scattering length of an atom of species ‘i’. Q, in this instance, is

the associated magnitude of the scattering vector; for simplicity, this may be expressed in the form:

Q = j ~Qj = 2�

d
(1.2)

where d is the interplanar spacing of a crystallographic sample. For a crystal containing translational

periodicity, and with the substitution of vectors, this expression ultimately condenses to a form in

which the sharp intensity maxima correspond to the Bragg condition:
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n� = 2d sin � (1.3)

where � is the wavelength of incident radiation; d is the interplanar spacing of the lattice planes;

and � is the angle of scattering. In this case, the perfect periodicity of lattice planes produces sharp,

well-de�ned maxima from the constructive interference caused by atoms located on ideal lattice sites

with discrete crystallographic coordinates. However, Equation 1.1 may also be adapted for non-

periodic (amorphous) materials in a generalised form to account for the di�use scattering caused

by deviations from the average structure. Assuming that the sample is a crystallographic powder,

the spherically averaged form of the scattering function may ultimately be written as follows:

S(Q) =
1

N

X
i;j

bibj
sin(Qjri � rj j)
Qjri � rj j

(1.4)

Self-scattering arises from the interaction of individual atoms with incident neutrons without corre-

lation to their neighbours or other atoms in the system. The self-scattering term for the scattering

function may therefore be separated, in the form:

S(Q) =
1

N

X
i

�b2
i +

1

N

X
i;j

�bi
�bj

sin(Qjri � rj j)
jri � rj j

(1.5)

Equation 1.5 may then be written in the simpli�ed form:

S(Q) = F (Q) +
X

i

(cibi
2) (1.6)

where Q is the magnitude of the scattering vector; ci is the concentration of atom ; and F (Q) is

described by the expression:

F (Q) = �0

Z 1
0

4�r2G(r)
sin(Qr)

Qr
dr (1.7)

such that r is the magnitude of the di�erence in atomic position, (~ri � ~rj); and �0 is the average

density of the sample structure. Here, the F (Q) describes the scattering from the sample, excluding

self-scattering behaviour. Mathematically, it represents a spherically averaged Fourier transform

corresponding to the structure of the sample from which incident radiation is scattered.

The G(r) term in Equation 1.7 is known as the Pair Distribution Function (PDF). The PDF

may be interpreted as a weighted histogram of interatomic distances for atoms in the material
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of interest, provided in real-space terms. Mathematically speaking, the G(r) is in fact an inverse

Fourier transform of Equation 1.6, representing a conversion from the more traditionally understood

Q-space di�raction pattern to the real-space distribution of constituent atoms, as expressed by:

G(r) =
1

(2�)3�0

Z 1
0

4�Q2 F (Q)
sin(Qr)

Qr
dQ (1.8)

This represents a Fourier transform integration across all of space from the origin to in�nity. In

practical terms, this is not achievable; a di�ractometer cannot collate data over in�nite space. As

such, the following modi�cation is made to Equation 1.8 to impose limit constraints on the Fourier

transform:

G(r) =
1

(2�)3�0

Z Qmin

Qmax

4�Q2 F (Q)
sin(Qr)

Qr
dQ (1.9)

where Qmax and Qmin are imposed boundary conditions corresponding to the maximum and mini-

mum values of the magnitude of the scattering vector. PDFs, as the name suggests, are composed

of a series of partial functions corresponding to the distributions of atomic pairs and weighted by

the associated neutron scattering lengths of the pairs. In a binary system, for instance, there would

be three total partial PDFs corresponding to the like and dislike atomic pairings: A-A, B-B, and

A-B. The G(r) may therefore also be written in terms of these constituent partial functions, as

follows:

G(r) =
X
i;j

cicjbibj(gij(r)� 1) (1.10)

where c is the concentration of an atomic species; and gij(r) is the partial function associated with

the pair ij as given by:

gij(r) =
1

4�r2�i

dnij(r)

dr
(1.11)

where nij(r) is the total number of atoms over a distance of r to r + dr; and �i is the number

density of the chemical species, i.

Peaks in the total PDF correspond to the distances at which particular atoms are found from a given

origin. Each peak therefore also represents a given coordination shell for the material of interest:

the �rst peak in the PDF corresponds to the shortest correlated distance from an atom at the origin,

and therefore represents the �rst coordination shell, and so on (Figure 1.2). It is not di�cult, then,
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Figure 1.2: A diagram demonstrating the coordination shells of a lattice in two-dimensions (Left)
and the associated peaks (coloured) of a simple PDF function (Right). Figure provided by Owen
et al. [36].

to see the manner in which one might construct an overall picture of the local ordering from such

a function. Both the F (Q) and G(r) functions represent the core of total scattering theory for

this reason, and the Fourier transform relationship between these functions is integral to large- and

small-box modelling. By collecting Bragg data according to traditional di�raction analysis methods,

it is possible to use expected crystallographic information in combination with the calculated F (Q)

and G(r) to produce a full descriptive model of both the long- and short-range properties of the

sample in question in three dimensions.

As a note, on theG(r): British and American conventions on the form of the PDF di�er signi�cantly.

The following work speci�cally uses the British convention, which states that the G(r) tends to 0

at high-r, and to �hbi2 at low-r; the British D(r), then, is an r-scaled form of the G(r), tending to

0 at highr and �4��rhbi2 at low-r. In the American convention, the G(r) is actually equivalent to

the British D(r), which may cause confusion if left unstated.
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1.5 Quantifying SRO

1.5.1 Warren-Cowley Parameters

All of the characterisation techniques described above can provide evidence for SRO-type be-

haviours, but the quanti�cation of these phenomena requires further treatment. There are a number

of existing techniques for the description of SRO in crystalline materials, but the most ubiquitous

and commonly understood method is the use of Warren-Cowley parameters. As a longstanding form

of quanti�cation, Warren-Cowley parameters were initially formulated as an analytical method for

binary structures. For a given coordination shell, a single-dimensional parameter (�) is calculated

to describe the relative abundance of atomic pairs in that shell [37] using the following expression:

�AB = 1� PAB

cB
(1.12)

where PAB is the probability of �nding an atom of species B in a given coordination shell a distance

away from an origin atom of species A; cB is the atomic fraction of B atoms in the system; and

�AB is then the Warren-Cowley parameter for atomic pair A�B in the selected coordination shell.

A preference for like-species bonding produces an � value of 1 (as PAB tends towards zero). An

entirely random distribution of constituent elements produces an � value of 0, as PAB converges

on the atomic fraction. Negative values of � represent a preference for dislike bonding pairs, as the

probability of �nding an atom B in a given coordination shell becomes greater than its concentration

in the bulk.

Long-range ordered (LRO) binary structures will demonstrate a characteristic oscillation of values

through coordination shells; the L12 structure, for instance, demonstrates an alternating series of

Warren-Cowley parameters, with successive positive and negative values in each coordination shell

(Figure 1.3). SRO-type behaviours, however, are likely to demonstrate strong ordering preferences

in the �rst few coordination shells, with decreasing intensity at greater distances.

Expanding upon this further for systems of greater chemical complexity, such as MPEAs, the

‘Pairwise Multicomponent’ Warren-Cowley parameters were formulated [37], such that:

�AB
m =

pAB
m � cB

�AB � cB
(1.13)

wherein pAB
m is the probability of �nding an atom of type B in shell m; and �AB is an integer

parameter, such that �=0 when A and B are dislike atomic species and �=1 when they are like

atomic species.
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Figure 1.3: The oscillating Warren-Cowley parameters of a long-range ordered L12 structure to a
distance of 10 coordination shells.

This expression condenses to the original formulation of the Warren-Cowley parameter for binary

structures.

Such quanti�cation of pair bonding is a necessary step in the analysis of local order, but the use

of Warren-Cowley-type analysis is not without its drawbacks. Importantly, such analysis reduces

the description of SRO in the system into a parameter with only a single dimension. Some of

the nuance in the analysis is lost, particularly with regards to local atomic ordering; one cannot

entirely deduce the enhancement of particular atomic motifs, nor their distribution throughout a

given material from Warren-Cowley parameters alone.

1.5.2 Clapp Configurations

Though Warren-Cowley parameters provide a good initial overview of the likely ordering behaviours

in crystalline materials - particularly for simple chemical systems - they provide an overall reduc-

tive description. Collapsing three-dimensional structural information into a single-dimensional value

removes the nuance of the analysis, and fails to provide information on the exact orientation or dis-

tribution of atoms in real-space. For this reason, novel methods for describing atomic con�gurations

are becoming increasingly prevalent.

An alternative method for the description of ordering behaviours in a crystal lattice are ‘Clapp

con�gurations’. First outlined by Phillip Clapp in 1971 [38], Clapp con�gurations are numeric

descriptors of atomic con�gurations or motifs corresponding to occupation of nearest-neighbour
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Figure 1.4: The enumerated atomic positions of an FCC unit cell (left) and associated, short
selection of Clapp labels for this system.

positions of a given lattice site. For any atom in a binary system of ‘A’ and ‘B’ type atoms with n

nearest neighbours, there exist 2n possible atomic con�gurations of the unit cell. For an atom in an

FCC unit cell with 12 nearest neighbours, there is therefore an absolute maximum of 4096 possible

con�gurations of atoms that are theoretically capable of developing in a binary lattice. Condensing

this number via symmetry and orientational considerations - as many atomic con�gurations are

functionally equivalent when the unit cell is rotated - Clapp enumerated 144 unique arrangements

of the FCC unit cell according to a geometric convention. An equivalent treatment for the BCC

unit cell identi�ed 256 possible con�gurations of nearest neighbour atoms, and a much reduced 22

unique con�gurations associated by symmetry.

This generalised description of unit cell arrangements, based entirely on the enumeration of atomic

positions, is a useful tool in the discernment and description of SRO behaviours in binary systems.

The labelling system devised by Clapp can be used to denote both the number and type of atoms

in a unit cell, with incorporated conventions for like and dislike bonding. Thus, for any such

system in which the positions of atoms are ‘known’ or reconstructed, it is possible to determine

the frequency with which certain local structural motifs appear in the system in three-dimensions.

Extending this concept, it is also theoretically possible to determine the con�gurational pathways

of randomly distributed binary materials: con�gurations of atoms with similar common motifs -

i.e. con�gurations that are equivalent but for the presence or position of a single atom - are more

likely to be enhanced simultaneously than those that di�er structurally. It is then possible to

extrapolate from the enhancement of associated con�gurations to a likeliest ‘pathway’ indicative of

the manner in which a randomly distributed system might order itself [35]. More simply, too, the

most enhanced structural motifs in the system can provide insight into the factors that drive the

formation of particular atomic con�gurations.
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The application of Clapp con�gurations has already proven useful in the description of SRO for

binary materials. Work by Owen et al. [39], for instance, demonstrated the atomic ordering be-

haviours of the oft-cited Cu3Au binary alloy using a combination of PDF analysis and large-box

modelling, applying Clapp con�gurations as a form of structural analysis. The study con�rmed

that the system undergoes an ordering transition at approximately 400�C, as anticipated by the

literature. Importantly, however, a gradual increase in statistical ordering was identi�ed across

a region of 400-500�C, demonstrating the emergence of long-range order (LRO) from SRO-type

behaviours. Enhancements to the C-1, C7, C16 ad C34 con�gurations identify the formation of the

L12 structure; the C16 con�guration itself represents the L12 unit cell, while its companion con�g-

urations represent a deviation of one or two dislike atoms from the C16 structure. In this fashion,

it is possible to map the increase in enhancement to the C16 con�guration - and simultaneous

enhancement to its ‘family’ of associated con�gurations - with heating or cooling to demonstrate

the creation or degradation of the L12 structure (Figure 1.5) 1.

Extending this concept to more compositionally complex multicomponent systems is non-trivial.

Due to the limitation of the techniques available at the time, Clapp was more concerned with studies

concerning binary systems, with non consideration given to those of a higher order. The extension

of this concept to systems of greater complexity is discussed in Chapters 2 and 3.

Figure 1.5: A diagram demonstrating the link between the L12 structure and the C16 con�guration,
as outlined by Clapp.

1This is further discussed, at length, in Chapter 3.
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1.6 SRO in MPEAs

The techniques described above have, therefore, been employed in the identi�cation of local ordering

behaviours to varying degrees of success. Perhaps the most widely studied of the so-called ‘High

Entropy Alloys’ is the CrMnFeCoNi quinary system, a system so ubiquitous that is has been

adopted by the community as the ‘exemplar HEA’. As a purportedly randomly distributed, single-

phase equiatomic solid solution with an FCC crystal structure, the origins of its unique property

enhancements - including heightened strength, ductility, and fracture toughness - are not well

understood. Indeed, CrMnFeCoNi demonstrates cryogenic strength-ductility properties that out-

perform many existing structural alloys [40], and equally impressive radiation resistance properties

[41], yet the source of these properties remains unexplained. As one of the �rst MPEAs to be

fabricated and mechanically tested, this is perhaps surprising. Many investigations have pointed

towards the local order of the alloy to begin providing an explanation for these behaviours, whether

attributable to the randomness of distribution in constituent elements or to an as-yet unseen,

untested form of local atomic order.

Modelling for this system is extensive. A 2022 study by Mizuno et al. made use of a hybrid ap-

proach for the simulation of local order in the system, combining �rst-principles calculations with

Monte-Carlo relaxation to produce a physically representative model [42]. FCC supercells contain-

ing 125 randomly distributed atoms of the constituent atomic species were generated and relaxed

using the combined MC-DFT approach, with Warren-Cowley parameters subsequently calculated

to demonstrate potential ordering. The study noted a relative enhancement in the number of Cr-Fe,

Cr-Co, and Cr-Ni bonds, potentially indicating an average preference for dislike bonding in the Cr

atoms of the system. This Cr segregation is then ascribed to the formation of an L12 structure in

the system, with Cr atoms forming the corners of the FCC unit cell. The authors of the investi-

gation use these �ndings to evidence the potential increase in elastic modulus of the alloy, though

they present no experimentally determined values to support this assertion.

Given the impressive capabilities of the CrMnFeCoNi MPEA, and the large compositional space

a�orded by its constituent elements, an ecosystem of alloys derived from the original composition

has since gained a considerable traction in the engineering community. The FCC VCoNi alloy, for

instance, is a refractory ternary alloy of interest building upon the framework of the CrMnFeCoNi

alloy, with a speci�c focus on the CoNi binary. As with the CrMnFeCoNi alloy, VCoNi has demon-

strated considerable strength properties at room temperature, along with a promising resistance

to hydrogen-embrittlement, both of which are of potential interest to the nuclear energy sector

[43]. A study by Sohn et al. in 2019 [44], operating under the assumption that the material must

possess some form of SRO, investigated the role of severe lattice distortion in the enhancement of

mechanical properties in the VCoNi alloy. Using ab initio DFT calculations, the study identi�ed
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large ‘mean-squared atomic displacements’ (MSAD) in the system, indicating large local lattice

distortions at nearly double the size of MSAD values calculated for CrMnFeCoNi. A concurrent

increase in the strength and yield stress of the material is used to suggest a link between alloy grain

size, lattice distortion, and improved mechanical properties, though limited empirical evidence is

again provided for these results.

Similarly, a number of investigations have opted for a substitutional approach, replacing the con-

stituent elements of the CrMnFeCoNi with alternative metallic species. The FCC FeCoNiCuPd

system, for instance, has been suggested to demonstrate SRO in a Monte Carlo-DFT study by

Chen et al.. [45] Using TiFeCoNiCu as a point of comparison, the authors note an increase in SRO

when each FeCoNiCuPd supercell is energetically relaxed. The same behaviour is not identi�ed in

the TiFeCoNiCu simulation, attributed by the authors to a (somewhat nebulously de�ned) ‘chem-

ical a�nity’ parameter. The �nding in this instance is used to explain the high yield strength of

CrFeCoNiPd samples, though as with prior studies there is only limited physical support provided

in the study for this assertion.

There of course exists a wide array of material not based on the CrMnFeCoNi formula. TiZrNbTa,

for instance, is a single-phase BCC MPEA noted for its interesting behaviour in response to oxygen-

rich environments. A study by Wang et al. made use of High-Resolution TEM (HRTEM) and High

Angular Annular Dark Field (HAADF) imaging to assess the extent to which the TiZrNbTa lattice

is distorted [46]. The authors hypothesise that the severity of local lattice distortion e�ectively

controls oxygen di�usion: severely distorted regions of the lattice (i.e. those rich in Ti-Zr pairs)

hinder the di�usion of oxygen through the material, increasing the oxidation levels in the local

environment. The study fails, however, to provide evidence for SRO outside of the presence of

di�use ‘wings’ in the TEM images, potentially indicating a requirement for further analysis.

Akin to the derivatives of CrMnFeCoNi, the TiZrNb ternary acts as a basis for a number of other

alloys suspected of possessing unique SRO and properties, including the TiZrNbHf and TiZrNbHfTa

MPEAs. Ab initio DFT and Warren-Cowley parameter calculations by Zhang et al. [47] demon-

strate an increased preference in TiZrNbHf supercells for Nb-Hf and Ti-Zr atomic pairs, in agree-

ment with prior experimentally derived �ndings. Further DFT calculations by Tong et al. on the

TiZrNbHfTa system demonstrate a low atomic size mismatch, seemingly against expectations de-

rived from calculated lattice distortions. The lattice distortions in both systems are substantial,

potentially illustrating the origins of their high phase stability and impressive plasticity [48]. The

authors attribute this overall discrepancy to the charge transfer e�ect (CTE), which reduces the

di�erence in atomic radii between constituent elements.

The above list of complex metallic systems is, naturally, not exhaustive, and the compositional

space a�orded by MPEAs is near countably-in�nite. The number of investigations into SRO,
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however, is comparatively low. Indeed, discrepancies continue to exist between the number of

studies into MPEAs of di�ering crystal structures, with the number of FCC alloys assessed for their

local structure far outnumbered by their BCC counterparts. The existing concerns around the

e�cacy of analysis methods also presents an ever-widening concern for the community: there are

few methods that can be used incisively to determine the form and quantity of SRO in chemically

complex materials. It is for this reason that the continued invention and development of direct

characterisation techniques remains a priority for the MPEA research sector.

1.6.1 Existing Pair Distribution Function Analyses in MPEAs

Given that the total scattering di�raction technique allows for a near-complete description of local

ordering behaviours, a number of studies have employed PDF analysis in the study of atomic

structure in MPEAs. Indeed, total scattering may represent a signi�cant bridge between existing

modelling e�orts - which commonly do not provide empirical data for comparison - and mechanical

studies, through the simulated reconstruction of crystal structure from experimental data.

The ubiquity of the CrMnFeCoNi alloy is further demonstrated by the number of PDF studies

that are already beginning to appear around the material and its derivatives. One such study by

Owen et al. in 2017 sought to identify the extent to which chemical complexity impacts the local

lattice distortion of the CrMnFeCoNi MPEA [39], using PDF data collected at the ISIS Neutron

and Muon Source. The authors draw a link between the distribution of distances between atomic

pairs - assessed using partial pair distribution function peak widths - and the atomic size mis�t

of the material to determine lattice strain. Chemical complexity in the alloy did not appear to

impact the severity of local lattice strain when compared to alloys with fewer atomic species, with

both CrNi and CrCoNi demonstrating near-equivalent lattice strain. CrMnFeCoNi, however, was

noted to possess a lower melting temperature than its less chemically complex counterparts; the

authors note that this would cause a larger degree of peak broadening in the PDF, due to the

contributions of thermal oscillations to atomic positions. To clarify this result, therefore, a further

study was conducted by Owen et al. in 2024 to present a method for the isolation of static and

thermal contributions to peak widths [49]. It was determined that - even at low temperature -

the thermal o�site displacements of CrMnFeCoNi and CrCoNi samples outweigh the static o�site

displacements of the sample. The evidence presented, then, for the severe distortion of the crystal

lattice in MPEAs, was deemed insu�cient.

This result was further supported and elaborated by a study in 2021 by Thirathipviwat et al.

[50], who sought to assess lattice strain against a number of mechanical properties in the CrMn-

FeCoNi alloy. PDF analysis was performed by the group using X-ray data di�raction data (High

Resolution Powder Di�raction Beamline P02.1, PETRA III, DESY, Germany), and identi�ed no

correlation between chemical complexity and the severity of lattice distortion. FeNi, FeCoNi, CrFe-
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CoNi, and CrMnFeCoNi samples demonstrated approximately equivalent atomic size mis�t values

(0.65-1.18%), likely due to their approximately equivalent atomic radii, and by extension the me-

chanical performance of each (yield strength and microhardness) was found to vary over a very

narrow range.

Equivalently, in the BCC MPEAs, a number of studies have made use of total scattering techniques

to determine local structure. A study by Nyg�ard ( et al.) [51] made use of a Reverse Monte Carlo

(RMC) method to assess the severity of lattice distortion in simulated supercells of BCC MPEAs.

For TiVNb, TiVZrNb, and TiVZrNbHf, it was determined that lattice distortion scaled somewhat

with additional elemental additions, with the Full Width Half Maxima (FWHM) values of PDF

peaks increasing with increased chemical complexity. The study does not, however, account for

thermal broadening in the PDF peaks, and further work is required in this regard to con�rm the

�ndings of the investigation. Analysis of the supercells generated using the RMC methodology

demonstrates the potential ordering of atomic species; the calculation of WC parameters for the

�rst coordination shell appears to show the increased likelihood of like Nb pairing in TiVZrNb,

and like Hf pairing in TiVZrNbHf, though the validity of the result requires further assessment. A

separate study by Guo et al. in 2013 appears to suggest similar lattice distortion e�ects [52]. The

investigation identi�ed discrepancies between a simulated PDF calculated for the ZrNbHf ternary

and equivalent neutron di�raction data, which the authors use as evidence for severe local distortions

in the BCC crystal lattice.

As is perhaps evident from the above review of existing studies, many investigations into local order

using PDFs have, to date, focused their attention on the distortion of the crystal lattice. Previously

described studies by Owen et al. [39], however, have demonstrated the potential utility of applying

PDF analysis in the analysis of SRO in binary metallic materials. Expanding upon this work -

extending the analysis from binary alloys to systems of greater chemical complexity - is one avenue

of investigation that could yet provide a wealth of local structural information.
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1.7 Outline of work

The following work will therefore seek to assess the suitability of applying the total-scattering

method to the analysis of SRO in systems of greater chemical complexity. This will require a fea-

sibility study of the characterisation technique itself - which, as described above, has previously

only been used in the investigation of chemical ordering in binary materials - as well as the devel-

opment of novel and existing structural quanti�cation techniques. Chapter 2 will outline some of

the standard total scattering methodology used throughout this thesis.

Chapter 3 will seek to establish the feasibility of applying the total scattering method to a sys-

tem of greater chemical complexity - namely, the ternary CrCoNi MPEA. The work undertaken

therein may be sub-divided into three primary investigations: the �rst explores the capabilities

of the method in reproducing the atomic-scale ordering of the alloy in question; the second will

demonstrate the applicability of Clapp-style con�gurational analysis for ternary systems; and the

third will establish the extent to which the method is capable of distinguishing between unique

con�gurational results. Chapter 4 will then expand upon the work outlined in Chapter 3 directly,

applying the total scattering method and associated structural quanti�cation techniques to the

quaternary CrFeCoNi MPEA, representing an incremental increase in chemical complexity.

Chapter 5 will present a novel framework for the analysis of SRO in crystalline materials. This

will involve both the adaptation and generalisation of the existing Clapp method for systems of

reduced symmetry, as well as the production of a bespoke software package for the application of

this analysis technique. A series of test cases spanning a range of common crystalline materials

(not limited to metallic systems) is presented as a proof of concept.

Finally, the conclusions for the above studies and a brief overview of potential future avenues of

investigation will be presented as part of a summary in Chapter 6.
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Chapter 2

Experimental & Analytical

Methods

The following chapter represents an overview of the techniques employed in the analysis of SRO

in MPEAs. This work proposes the use of total scattering di�raction - in this instance, using

neutrons as an incident radiation source - in combination with Clapp con�gurational analyses to

identify local atomic ordering in chemically complex materials. Where necessary or relevant, further

methodological detail is provided in each experimental chapter to expand upon the descriptions

provided herein.

2.1 Neutron Diffraction & Powder Metallurgy

2.1.1 Polaris, ISIS Neutron & Muon Source

The following work is primarily concerned with the analysis of neutron di�raction data, as collected

using the Polaris di�ractometer at the ISIS Neutron & Muon Source (Oxfordshire, UK) [53]. Po-

laris is a high-intensity, medium-resolution Time-of-Flight (TOF) powder di�ractometer. Incident

neutrons are produced using a spallation source: high-energy protons are pulsed and guided to

bombard a heavy metal target within the ISIS facility, producing secondary pulses of high-energy,

high-
ux neutrons for use across a range of instruments.

More speci�cally, Polaris receives a beam of ‘polychromatic’ (or ‘white’) neutrons, moderated

through water. Spallation sources - unlike nuclear reactor sources, which typically make use of

monochromated neutron beams - therefore produce a range of neutron energies across the beam
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pulse, with the moderator used to favourably ‘shape’ the energy spectra. Each of the detectors

measures the time between the collision of the neutron pulse with the target and subsequent neu-

tron detection; it is then possible to relate this time of 
ight and distance travelled to calculate

neutron velocities and momenta. The De Broglie wavelength, �DB of a given object is given by:

�DB =
h

mv
(2.1)

where m is the mass of the particle; v is its velocity; and h is Planck’s constant. It is therefore

possible to convert between the measured neutron TOF and its wavelength, or energy. Detectors of

the Polaris di�ractometer are stationed at discrete angles; detected neutrons therefore necessarily

also possess discrete scattering angles, �. Using Bragg’s Law:

� = 2d sin � (2.2)

where d is the interplanar spacing of the sample lattice, it is entirely possible to relate neutron TOF

to the crystallographic structure of a given sample.

Polaris provides two key bene�ts in the context of a neutron total scattering investigation. The

�rst is the broadness of data in Q-space that it is possible to collect on the di�ractometer. The

advantage of this is twofold: �rstly, evidence of di�use scattering in the low-Q region may be

obscured by the presence of Bragg peaks, thereby requiring a larger range of data for observation;

secondly, an ideal PDF would be produced with as large a value of Qmax as possible, for the most

accurate Fourier transform calculation. As Polaris is capable of achieving Qmax values of greater

than 30�A�1, it is ideally placed for use in total scattering analysis. The second bene�t of Polaris

is the ability to place samples of interest in a vacuum tank environment, which naturally decreases

background contributions to the signal, thereby improving overall signal to noise ratio.

It is worth re-mentioning that X-ray total scattering investigations are entirely feasible scienti�cally.

In the context of the analysis of MPEAs, however, the use of X-rays as an incident radiation source

for scattering may be problematic, depending upon the composition of a given alloy. Many of the

metallic elements used in the manufacture of MPEAs possess similar atomic numbers, as evidenced

by their proximity to one another in the periodic table. Electromagnetic scattering scales with

atomic number, thereby making adjacent atomic species near-indistinguishable from one another

and obscuring the ability to identify the enhancement of particular atomic structures. Neutrons,

however, do not su�er the same concerns: scattering lengths vary by atomic energy and may possess

both positive and negative values. Given that the value of atomic energy may be wildly di�erent

for adjacent species, it is therefore more likely to distinguish con�gurational motifs in the system

when using neutron scattering.
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2.1.2 Powder metallurgy

Total scattering requires, by de�nition, the use of powder samples, such that isotropic scattering

data may be collected across all of Q-space. Concerns may be raised, therefore, over the introduction

of sample texture through the manufacture and processing of the powder material. In order to

address this particular consideration in each of the following experimental chapters, the atomisation

of alloy samples is performed to produce a crystallographic powder. Gas atomisation - the technique

performed for both practical investigations in this work - involves the heating and melting of

alloys prior to blasting with inert argon gas. This ideally produces approximately spherical powder

particulates of the alloys of interest, in a random quenched form. Samples in this body of work

are subsequently heat treated to produce chemical homogeneity and remove dislocations from the

material as required.

2.2 Total Scattering Diffraction

Figure 2.1: A 
owchart demonstrating the various data processing stages associated with the neu-
tron total scattering process. Note: each stage here is presented for a speci�c piece of software
used for the work presented in this thesis. Alternative softwares are available for the processing of
neutron total scattering data, and are increasingly employed by researchers.

As described previously, neutron total scattering requires the collection and processing of both

traditional Bragg data and background, di�use scattering collectively. The techniques required to

process these data are, therefore, complementary but distinct. A 
ow chart, presented in Figure 2.1,

demonstrates the stages of the total scattering analysis process; the following sections address the

majority of these stages in turn, and in the order that each was applied in the following experimental

chapters.
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2.2.1 Mantid Processing

Mantid is a software capable of processing and analysing the data produced by neutron sources.

Its role is, in summary, to collate raw neutron di�raction data and perform necessary data merg-

ing across banks of the di�ractometer, ultimately producing �les that are compatible with later

processing software.

The Polaris di�ractometer (as described in Section 2.1.1) possesses 3008 detector tubes, spread

across �ve grouped banks. Though nominally stationed at discrete angles, these detector banks

each have an associated range over which neutron detection can occur, in turn impacting the path

length for incident neutrons. Each di�raction cycle therefore requires an initial calibration for all

detectors, a calculation that Mantid ultimately uses to group di�raction data coherently. The data

is also normalised against a Vanadium standard - selected for its near-zero neutron scattering length

- to place all data along a calibrated scale.

2.2.2 GSAS-II

Following Mantid processing, the analysis of data may begin. GSAS-II (General Structure Analysis

System II) [54] is a software package commonly used in the structural re�nement of neutron scat-

tering data. The software makes use of a Rietveld least-squares minimisation method [55] to re�ne

a crystallographic structure to Bragg di�raction data; thus, its use represents the �rst analytical

stage in any total scattering study, providing key crystallographic about the average structure for

use in later modelling e�orts. The Rietveld re�nement method has become near-ubiquitous in the

characterisation of crystal structures, and GSAS in particular provides a number of crucial material

and instrumental parameters for structural re�nement. Though the following does not represent

an exhaustive list, values available for re�nement include: structural properties, such as lattice

parameters and atomic positions; the sample background, accounting for signal noise introduced

internally by the di�ractometer; and peak shape parameters. Further properties - including those

required for the consideration of sample texture - are available for re�nement, but should not be

required if the re�ning dataset is representative of a true crystallographic powder.

As a re�nement software, GSAS (and indeed the Rietveld method as a whole) necessarily requires

an initial structure for re�nement. In the experimental chapters, each material investigated was

single phase; initial parameters were therefore approximated from elemental values. From these

initial values, a theoretical crystal structure is computed by the software; Bragg’s Law calculations

provide a description of peak positions for the sample, comprising a series of delta functions at the

predicted locations of di�raction maxima. Subsequent convolution with a pseudo-Voigt peak pro�le

provided by a standard crystal and di�ractometer contributions - accounting for instrumental and

sample-derived broadening - produces a di�raction pattern more reminiscent of the true dataset,
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which is then ready for parameter-based re�nement.

Several of the parameters re�ned during GSAS �tting require close attention, primarily for their

impact on later large-box modelling e�orts. In particular, the di�ractometer constant terms

DifA; DifC and Zero) play an important role in the conversion of data from time-of-
ight (TOF)

into d� or Q�space units during calculation. These instrumental parameters are mathematically

associated by the quadratic relation:

t = DifC d + DifA d 2 + Zero (2.3)

where t is the time of 
ight for the di�ractometer; and d is the interplanar lattice spacing. The

DifC parameter is particularly worthy of note, as it is de�ned by the geometry of the di�ractometer

instrument according to the relation:

DifC =
2m
h

L sin(�) (2.4)

where m is the mass of a neutron; h is Planck's constant; L is detector path length; and � is the

neutron scattering angle. These values will be optimised during the re�nement process, and are

required in the SToG Gudrun O�sets (Section 2.2.4) to account for the di�erent ways in which

Mantid (Section 2.2.1) and Gudrun (Section 3.3.2) handle the conversion between TOF and Q

units.

2.2.3 GudrunN

Gudrun [56] is a software package developed for the processing of total scattering data, comprising

GudrunN and GudrunX. GudrunN is responsible for the processing of raw neutron di�raction data,

applying post-processing to yield re�ned total scattering functions; GudrunX is a near-identical

software used in the processing of X-ray scattering data. Processing accounts for a number of

corrective calculations, including beam count and normalisation, self-scattering component calcu-

lation, and background considerations. Post-processing allows for the merging of datasets between

di�ractometer banks, followed by the generation of both a total scattering function, F (Q), and an

error-corrected pair-distribution function (PDF), G(r). The following list covers a number of key

processing and post-processing calculations in further detail, though the list is non-exhaustive.
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Processing:

ˆ Data normalisation: In line with prior Mantid processing, it is necessary to place neutron

scattering data on an absolute scale across Banks of the di�ractometer. To this end, a

vanadium standard - again selected for its negligible neutron scattering length - is typically

placed inside the neutron beam and bombarded for an equivalent time to any experimental

samples. This provides a comparative dataset for normalisation.

ˆ Sample background: As with any di�raction experiment, scattering may be produced

unintentionally by objects intersecting with the beam. A default contribution would be pro-

duced by the environment in which a given sample is held: the atmosphere it is held in, and

the sample container. Further background contributions may be provided by experimental

considerations, such as the scattering produced by a cryostat or furnace.

ˆ Self-scattering: As mentioned in Section 1.4, samples produce a non-negligible amount

of self-scattering brought about by the interaction of neutrons with atomic nuclei without

correlation to their neighbouring atoms. Given that GudrunN is designed to calculate and

produce G(r) functions, it is at this stage that such corrections must be introduced to the

data.

Post-processing:

ˆ Bank merging: Similarly to the concerns addressed by Mantid (Section 2.2.1), GudrunN

necessitates post-processing according to the grouping of di�ractometer detector banks. The

Gudrun software also accounts for any anomalous results produced by faulty or otherwise

improperly functioning detectors.

ˆ Minimum radius correction: It is anticipated that the PDF, once calculated, is 
at below

the shortest nearest neighbour distance. This is intuitive: if the PDF acts as a weighted

histogram of interatomic distances, then there should be no contribution to the PDF at

distances too small for atoms to realistically be located. This post-processing parameter

simply forces the 
attening of the PDF below a chosen distance.

ˆ Lorch function: This function acts to remove high-frequency noise in the PDF, removing

the impact of so-called `Fourier ripples'. Such ripples are a mathematical artefact produced

by the Fourier transform calculation, and can appear as small `peaks' across the PDF. Given

that such noise can impact later modelling e�orts, the Lorch function is designed to remove

them where possible, though its application brings a simultaneous loss of resolution.

In summary, GudrunN is capable of producing a merged, corrected, and normalised F (Q) of neutron

di�raction data for a given sample material; the software then performs the pre-requisite Fourier

transform to produce a G(r) function describing the probability distribution of adjacent atoms in

27 B. E. Jolly



Chapter 2. Experimental & Analytical Methods

the lattice. To perform the above calculations accurately, GudrunN requires a value for the atomic

density of the experimental sample prior to iteration; as such, the re�ned lattice parameter and

calculated density (atoms/�A �1 ) provided by GSAS-II processing are a parametric requirement for

this analytical step. The use of GudrunN therefore typically constitutes the �rst stage of total

structural modelling, but the second stage of a total scattering investigation as a whole.

2.2.4 SToG

F(Q) to G(r) { commonly abbreviated to SToG { is a sub-routine of the wider RMCPro�le [57]

software package designed to exclusively perform the Fourier transform of the reciprocal F (Q)

total-scattering function into a real-space PDF for neutron scattering experiments. Though this

calculation may be performed by GudrunN during its post-processing routine, as described above,

SToG necessarily produces a series of output �les compatible with use in later modelling e�orts.

As the programme is run through the command terminal, the user may produce an input command

�le containing the selected parameters for calculation of the G(r). These include the atomic density,

DifA; DifC and Zero values determined by GSAS-II, as well as the merged intensity F (Q) (.mint)

�le produced by GudrunN. A further bene�t of this form of input is the ability to quickly edit and

assess the limits of the Fourier transform calculation - the scattering vectors, Qmin and Qmax . An

ideal Fourier transform would be performed over all space, to in�nity; given that a di�ractometer

naturally cannot collect scattering data over an in�nite range, upper and lower limits for the

Fourier transform are selected in the form of Q values (see: Equation 1.9). Furthermore, random


uctuations in the system prevent the data from becoming perfectly smooth at high values of Q, in

turn impacting the Fourier transform through the inclusion of high-frequency noise. As such, it is

bene�cial to maximise the range of Q-space considered in the Fourier transform calculation, whilst

maintaining a reasonable upper limit in Q. Rapid processing allows for observational selection of

the `most appropriate' Q-limits by analysing the produced PDFs. Across the following studies, a

number of parametric input �les were produced for each di�raction dataset across a range of Qmax

values. The subsequently generated G(r) �les were then plotted against one another to determine

the most desirable Qmax value for further investigation.

Importantly, the SToG calculation is performed using a scaling parameter, hereby referred to simply

as a `scale value'. This near-arbitrary scaling is performed to somewhat o�set any miscalculation in

the atomic density or packing during processing and re�nement. A value of 1
yscale

is applied to the

dataset prior to further o�setting, in order to bring data in the low-r region closer to a physically

correct set of values. The scale value selected during SToG processing is found to have a signi�cant

impact on the quality of later large-box modelling; an incorrectly selected scaling parameter is found

to impact the � 2 goodness-of-�t substantially when �tting to the calculated PDF. SToG therefore

represents a key stage in the processing of neutron scattering data ready for structural analysis.
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2.3 Structural Modelling

2.3.1 PDFGui

Small-box modelling analysis - occasionally referred to as a `real-space Rietveld' method - allows for

the modelling of an averaged unit cell through the re�nement of a G(r) PDF from prior processing.

For the following work, such modelling has been performed in PDFGui [58], a small-box modelling

software designed to �t PDF data. Within the context of a total-scattering investigation, the use

of PDFGui represents a `�rst-step' in the quantitative analysis of short range order. Importantly,

PDFGui allows for the least-squares re�nement of key parameters, as in a traditional Rietveld

�tting, for use in later large-box modelling. More speci�cally, re�ned model parameters include

the unit cell parameter; QDamp and QBroad instrumental parameters; the scale factor for neutron

scattering data; and a linear atomic correlation factor, �.

QDamp , QBroad and � are associated corrective parameters controlling PDF peak widths. QDamp

describes the form of the Gaussian dampening applied to the PDF, in the form:

B(r) = exp
�(rQ Damp )2

2
(2.5)

This function applies a Gaussian damping to the PDF, accounting for the �nite resolution of the

di�ractometer that broadens peaks and reduces intensities at high r. Along with the above damp-

ening considerations, a corrective parameter for peak broadening across the Q range is required;

QBroad therefore provides a mathematical description of peak broadening due to the inclusion of

noise at high Q values (in turn governed by di�ractometer resolution).

The �nal key parameter listed above is the linear atomic correlation factor, �, which corresponds

to the behaviour of paired atoms in the system. There are, in fact, two � values available for

re�nement in the PDFGui software - the aptly named � 1 and � 2 parameters. For the purposes of

the following thesis, it is only important to note that - whilst the two values are highly correlated

to one another - the �1 value is used to describe correlated motion at high temperature, and the �2
parameter is conversely used to describe correlated motion at low temperature. The �1 parameter

would therefore be ignored in a cryostat study; �2 would be ignored in a furnace study. The relation

of these parameters to one another and to the QBroad parameter is provided by the expression:

� ij = � 0
ij

s

1 �
� 1

r ij
�

� 2

r 2
ij

+ Q 2
Broad r 2

ij (2.6)

where � ij is the peak width; and � 0
ij is the peak width without correction for broadening. Over

large r distances, the motion of atoms in a crystal system is typically unrelated; at short distances,
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however - i.e. to within a distance of a few atomic bonds - the motion of a given atom will

demonstrate a greater correlation in the movements of its nearest neighbours. Paired atoms with

a high value of the �1 parameter, for instance, will therefore display a greater degree of correlated

motion than those with a low value of � 1. This is perhaps more intuitively understood as the degree

of `sti�ness' in the bond between adjacent atoms: two atoms with a high value of �1 between them

behave as though they are connected with a sti� `bar'. If all atoms in the system were connected

in this manner, peaks in the PDF would all be of equivalent width. Two atoms with a low value of

� 1, however, will behave as though connected by a loose `spring', causing an increase in peak width

with increased atomic separation.

Through the re�nement of the above parameters, PDFGui produces a mathematical �t to the

PDF produced by SToG, in turn providing an initial indication of ordering in a given system via

averaged unit cell information. As described previously, the PDF represents a weighted histogram

of interatomic distances, which is fully described by a series of partial functions corresponding to

the interatomic spacing of atomic pairs; by extension, di�erences in the experimentally determined

PDF and the G(r) calculated by PDFGui may indicate ordering behaviours at the local level. The

weighting of the partial functions and their impact on the form of the total PDF can therefore

indicate the enhancement of particular atomic pairs at a distance r from the origin.

Though a useful indicator of potential chemical SRO at the local level, PDFGui analysis cannot be

used to de�nitively state or assess SRO across bulk material. By �tting to a small-box - assuming

an overall in�nite translational periodicity for the unit cell, as with earlier Rietveld re�nement -

the method is inherently biased towards providing information over local distances. Given that

analysis of SRO-type behaviours requires information over a number of coordination shells, much

larger boxes are required to capture information that is otherwise `averaged' in the wider system.

2.3.2 RMCPro�le

A more physically representative description of local ordering in complex materials may be pro-

duced through large-box modelling. Though a number of techniques exist for modelling systems

containing many atoms - such as Molecular Dynamics (MD) or Density Functional Theory (DFT)

simulations - the primary focus of the following work will be the Reverse Monte Carlo (RMC)

method, via RMCPro�le [57], which employs an iterative approach to �tting against the Pair Dis-

tribution Function.

As is suggested by the name, large-box modelling involves the generation of a large box, or `supercell'

- containing information on many thousands of atoms - by �tting partial PDFs to experimentally

determined data. An initial box is provided to the RMCPro�le software for preliminary calculation,

containing some pre-de�ned arrangement of atoms according to the crystallographic properties
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determined by Rietveld re�nement. In a similar fashion to previously described small-box modelling

e�orts, an initial PDF for the structure is then calculated by the analysis software. If the atoms

of the input supercell are all located on their original lattice sites, the initially calculated PDF will

constitute a series of delta functions at discrete distances corresponding to the coordination shell

distances of the crystal lattice. It is entirely possible to begin �tting from this position, though a

more physically representative model may be generated through the application of small, `random'

Gaussian displacements to constituent atoms, moving them away from their ideal lattice sites and

broadening calculated PDF peaks. From this starting position, a number of scattering functions

may be produced and compared to experimental data. A �2 goodness-of-�t factor is calculated and

used to describe the quality of agreement between the starting con�guration and experimentally

derived PDF, according to the standard expression:

� 2 =
X

j

(yexp
j � y calc

j )2

� 2
j

(2.7)

where j is a given data point; yexp
j is the experimental value at point j; y calc

j is the calculated value

at point j; and � j is a weighting factor for the data. During the iterative re�nement process, random

translations or swaps are generated within the model, according to set probabilities provided by

the user, altering the lattice structure and chemical occupations of the supercell. Translations are

con�ned to a speci�ed distance window from the ideal lattice positions, preventing the generation

of non-physical structural solutions, and correspond to lattice distortions or thermal contributions

to the PDF; swaps simply alter the chemical ordering of the model. Moves are applied at random; if

the applied constraints are satis�ed, the RMC software will then calculate new scattering function

datasets and a corresponding value of �2 for the new con�guration. If the change in � 2 (�� 2)

between con�gurations is less than zero -i.e. the �2 value is reduced, demonstrating a closer �t to

the experimental data - the newly generated supercell is taken as a starting con�guration and the

process iterated.

Occasionally, `bad moves' { that is, moves for which �� 2 is greater than zero { are accepted by the

algorithm. The probability of acceptance for these moves is given by the expression:

P = exp
��� 2

2
(2.8)

Accepting a number of `incorrect' moves according to a probability distribution prevents the al-

gorithm from becoming `trapped' in false minima. The full algorithm for the RMC method is

presented in Figure 2.2 for clarity. Ultimately, the RMC large-box modelling method produces

a three-dimensional model of the system in question with the closest possible �t to experimental
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data. This model is unconstrained by symmetry relations { unlike the small-box modelling method

{ and can produce much larger models for the analysis of short-range order. There are, however, a

number of drawbacks to the method.

In the following work, the D(r) function - that is, the r-scaled G(r) function - is re�ned against

in RMCPro�le. This is to best capture oscillations in the high-r region, which are signi�cantly

reduced in size when re�ning against the G(r).

The nature of the Reverse Monte Carlo method - that is, attempting to �t a number of parameters

and properties to two-dimensional data - necessarily produces a number of possible `solutions' for

any single �t to experimental data. The RMC method generates a con�guration that abides by

the constraints of the experimental PDF. Ideally, it therefore provides a 'maximally disordered'

solution within the bounds of the data and physical constraints, though the �nal result can be

in
uenced by the starting model and speci�c RMC parameters. This can be bene�cial: any atomic

ordering consistently found to be introduced to the system by RMC �tting may be more con�dently

assumed to be present in the experimental sample. However, it is therefore also entirely possible

to bias a system towards a given structural solution with a poorly constructed input supercell, or

for �tting to mathematically enter a `false minimum' from which it cannot escape. To avoid such

concerns in the following experimental chapters, initial input boxes for RMCPro�le �tting typically

contain a random distribution of constituent elements unless otherwise speci�ed; any local ordering

then built into the boxes by RMCPro�le may therefore be taken to be the likeliest representation

of potential ordering behaviours in experimental samples. It is, however, also entirely possible to

Figure 2.2: An overview of the RMCPro�le algorithm.
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begin the �tting process with a box containing known order over some domain size. This in e�ect

`guides' the algorithm towards a solution that is more in-keeping with known or assumed structural

information.

There are a number of factors involved in the quality of �tting, and the extent to which we can deem

a solution to be `accurate', As described above, it is entirely possible for multiple solutions to accu-

rately �t to a given PDF mathematically. In Section 2.2.4, it was raised that an incorrectly selected

scale factor for a given dataset can signi�cantly impact the quality of �t, ultimately impacting the

validity of con�gurational analyses. This is equally true of a number of parameters present in the

RMCPro�le suite, and is particularly true of the `resolution correction' parameter. The resolution

correction parameter is a high-r corrective parameter designed to accommodate signal noise at high

values of r. As previously mentioned, the �nite resolution of the di�ractometer dampens high-r

PDF peak intensities, and failure to account for this e�ect would lead to erroneous atomic displace-

ments due to the spread. It functions in much the same fashion as the Qdamp parameter in PDFGui,

and takes a single value. If left unre�ned, or inaccurate, this value can have a signi�cant impact

on the quality of �t at "large" distances from the origin; to this end, it is important to identify

an ideal `parameter suite' of values to ensure �t quality. For the purposes of the following work,

this constitutes re�nement of the scale and resolution correction parameters speci�cally. In each

RMCPro�le investigation, a range of scale and resolution correction parameters will be selected,

paired, and analysed; if ten resolution correction parameters and ten scale values are selected, then

100 runs of the RMCPro�le re�nement will be assessed for their quality of �t. In each case, arrays

of the values will be assessed for the lowest identi�able �2 value.

It is also worth raising that the RMCPro�le software cannot, at present, reproduce the ordering

present in multi-phase materials. Lattices of a single crystallographic structure that possess multiple

chemically ordered regions may be modelled - indeed, the following work relies on the ability of

the method to identify multiple chemical motifs in a single supercell. If, however, two phases do

not share crystallographic structural properties - presenting with a di�erence in lattice parameter

or space group - then the method cannot be used to identify chemical order. A number of studies

are presently attempting to rectify this concern [59]. It would be remiss, however, not to identify

this as a cause for concern with regards to the application of the method for the analysis of SRO

in complex materials.
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CrCoNi

3.1 Introduction

The CrCoNi ternary alloy - occasionally referred to as a `medium entropy alloy' - is an ideal can-

didate for the investigation of local atomic ordering via the total scattering technique. Like any

multi-principle element alloy, it comprises a single-phase solid solution with a nominally random

distribution of constituent atomic elements, typically in equimolar or near-equimolar concentra-

tions. As a derivative of the CrMnFeCoNi family of MPEAs, CrCoNi has been investigated for its

short-range order properties on a number of occasions, predominantly for its mechanical merits.

CrCoNi has been noted for its high-strength, high-ductility properties at cryogenic temperatures

[60], and has been recommended on a number of occasions for use in low-temperature applications

such as nuclear fuel containment [61]. Indeed, some studies have suggested that the cryogenic

damage-resistance and strength properties of the CrCoNi ternary alloy are superior to those of the

CrMnFeCoNi MPEA, which itself has been highlighted and studied for its exceptional mechanical

performance. [62].

One mechanism by which these impressive properties have been suggested to arise is an improved re-

sistance to dislocation glide [63], which many studies have attributed to an as-yet uncharacterised

CSRO structure in the system. To date, investigations into the local atomic ordering of multi-

principle element alloys have been restricted to predictive modelling techniques or the inference of

short-range order via traditional characterisation routes. This lack of empirical characterisation,

however, has predictably led to inconsistencies in the reporting of local ordering across many sys-

tems. In the case of CrCoNi, an investigation by Yin et al [60] found little evidence of short-range

ordering behaviours when using DFT modelling techniques. A linear Hall-Petch scaling relationship
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was used to infer the likely absence of SRO behaviours across a range of processing conditions from

literature, and the authors demonstrate no correlation between CSRO and the strength proper-

ties of the material. Work by Zhang et al. [64], however, reports evidence of ordering behaviours

in contradiction to the Yin study, though without an associated link to mechanical behaviour.

Background-corrected TEM studies of the CrCoNi ternary appear to demonstrate `di�use streak-

ing' along the [111] lattice-direction. These streaks are a common phenomenon, and can indicate

the presence of a multitude of lattice-e�ects, including SRO structures. The study implies a degree

of con�dence in the presence of local ordering due to the enhancement of these di�use scattering

traces upon ageing of the material; samples aged at 1000� C (1273 K) show more prominent streak-

ing patterns, indicating the potential formation of SRO consistent with high temperature atomic

mobilities.

The results of the Zhang et al. study are not unique: a separate study by Zhou et al [61] used

hot-forged plates of CrCoNi for a TEM and HAADF-STEM di�raction experiment, in order to

characterise the structural behaviours of the alloy. FFT results along the [112] zone-axis show the

presence of FCC super-lattice re
ections between the origin and f311g planes, and the simulta-

neous appearance of di�use `discs' approximately ten times larger by diameter than the primary

di�raction maxima. The authors infer the presence of lattice features at approximately the scale of

inter-atomic bonds from these phenomena, theoretically suggesting the existence of SRO-type or-

dering behaviours in the material. Further IFFT analyses demonstrate extra re
ections at 1
2 f 311g,

concluding that the ordered regions (of which there are reportedly over 300 within the 35nm objec-

tive aperture diameter) must possess CSRO approximately twice the size of the f311g interplanar

spacing.

The results of the TEM study were supported by a further EDS line-scanning analysis of the

CrCoNi system, speci�cally focusing on the creation of EDS maps over the regions in which CSRO

was reportedly located. The intention behind this particular study was to determine the character

of the ordering behaviours, rather than simply identify its presence. Indeed, the authors present an

overall structural solution for the alloy: Cr-enriched planes appear to alternate with Cr-depleted

planes, suggesting - through the analysis of spatial distribution functions over the enriched columns

- that `like' atoms appear to primarily avoid bonding in the �rst instance. Cr atoms are theorised

to preferentially distribute towards the corners of the CrCoNi unit cell, though no further analysis

to suggest this result is presented.

It is worth noting, at this juncture, that there exists an increasing body of work suggesting that the

origin of di�use scattering - a primary method for the identi�cation of CSRO in metallic materials -

may not be limited to atomic ordering in the �rst instance. Walsh et al. have recently reconsidered

the presence of di�use streaking in CrCoNi speci�cally, proposing that `symmetry breaking e�ects'

may be an equally valid explanation for the phenomena [25]. Nanoscale planar defects, such as
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stacking faults, are shown to produce1
2 f311g di�raction maxima by breaking the symmetry of the

reciprocal lattice; by extension, the authors point to even smaller defects as the cause for di�use

maxima. As mechanical deformation and irradiation have been shown to increase the presence of

di�use scattering, it is possible that the formation of faulted loops or stacking-fault tetrahedra is

responsible for the appearance of such streaking in CrCoNi samples. Equally, the authors point

towards so-called `relrod spiking' - the appearance of di�raction maxima as an artefact of scattering

from higher-order Laue zones - as a potential source of di�use scattering, though it is noted that

the predicted intensities of these phenomena in CrCoNi is negligible. This skepticism is echoed by

Coury et al. [65], who have themselves disputed the e�cacy of TEM analysis in the characterisa-

tion of short-range ordering behaviours. The di�use scattering historically attributed to a range

of crystalline features (such as stacking phenomena, and short-range ordering) is re-evaluated, and

hypothesised instead to arise from re
ections `projected' by �rst-order Laue zones adjacent to the

Ewald sphere associated with the di�raction experiment. Extra re
ections in the di�raction pat-

tern are, broadly, attributed to the di�erence in scattering factors between constituent elements,

bringing about a non-zero structure factor when the `randomness' of the structure is deviated from.

Improperly prepared samples - i.e. those are not appropriately thin - or materials that contain

elements with very similar scattering lengths could therefore present a greater degree of di�use

scattering that is not attributable to local atomic ordering. In a separate associated work, Bacurau

et al. go on to suggest the use of Di�erential Scanning Calorimetry (DSC) analysis as an alternative

method for the discernment of local ordering behaviours alongside TEM studies [66]. Exothermic

reactions are hypothesised to occur with the formation of CSRO regions, while endothermic reac-

tions are hypothesised to occur with the destruction of SRO; from here, the enthalpy of SRO may

be evaluated against a baseline value to provide a measure of the extent to which a given sample

possesses SRO.

Existing models of the CrCoNi system are often con
icting, and the exact form of ordering - should it

exist - remains open for debate. Warren-Cowley parameters calculated for the �rst coordination shell

of the material via DFT analysis seemingly demonstrate a strong disinclination for the formation of

Cr-Cr pairs, along with a comparatively weak repulsion for both Co-Co and Ni-Ni pairs [67]. Of the

remaining atomic pairings in the �rst coordination shell, the formation of Cr-Co and Cr-Ni bonds

are seemingly favoured. Typically, this is interpreted as the segregation of Cr atoms at the local

level, producing either an L12-type ordering to minimise Cr-Cr nearest neighbour pairings or an L11-

type ordering of Cr on alternating atomic planes. Some have even gestured towards experimentally

derived results on the magnetic behaviours of Ni and Cr atoms to justify the structure further [68].

These results, however, are not universally agreed upon: the only existing study that makes use of

interatomic potentials to model the structure of the CrCoNi alloy (in a hybrid Ab initio - VASP

- and Monte Carlo approach) appears to show strong bonding preference for Ni-Ni pairs, in direct

contradiction with the above results [67]. In an e�ort to produce a de�nitive solution, a number
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of studies have moved towards machine learning potentials to model the CrCoNi structure; though

the work is ongoing, they appear to fall into agreement with the Cr segregation model.

Given, therefore, the degree of uncertainty associated with the analysis of short-range ordering in

CrCoNi via traditional methods, the conclusions from these investigations must be taken with some

caution. Although the �ndings of these studies are qualitatively useful in identifying the likelihood

of CSRO, it must be accepted that a full quanti�cation and characterisation of atomic ordering

behaviours has not yet been achieved. Equally, the above results are not without merit. Each has

been used to inform the analysis of mechanical experimentation on the CrCoNi system, including

compression testing, nano-indentation testing, and bulk tensile testing. In all cases, the results

of the tests are stated to be an emergent property of the short-range ordering in the system: the

increased planarity of dislocation slip is attributed to an increased degree of SRO in the material;

increased hardness and yield strength are ascribed to improved stacking fault energies resulting from

SRO domains. Without a full description of the types and quantities of short-range order in the

system, however, the extent to which such mechanical behaviours are attributable to short-range

ordering is unclear.

For these reasons, the Total Scattering Di�raction analysis method is of increasing interest to those

interested in studying the CrCoNi system. By combining traditional Bragg and di�use scattering

analysis techniques, it is hoped that a complete image of atomic ordering might be established,

including the characterisation of local atomic motifs and structures.
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